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ABSTRACT
We use high-resolution cosmological hydrodynamical simulations of Milky Way-sized galaxies with
varying supernovae feedback strengths and merger histories to investigate the formation of their
gaseous halos and especially their hot (> 106 K) X-ray luminous coronae. Our simulations predict
the presence of significant hot gas in the halos as early as z = 3 − 4, well before the halos ought
to be able to sustain hot mode accretion in the conventional picture. The nascent coronae grow
inside-out and initially do so primarily as a result of outflows from the central galaxies powered by
merger-induced shock heating and strong supernovae feedback, both of which are elemental features
of today’s successful galaxy formation models. Furthermore, the outflows and the forming coronae
also accelerate the transition from cold to hot mode accretion by contributing to the conditions for
sustaining stable accretion shocks. They also disrupt the filamentary streams funneling cold gas onto
the central galaxies by causing their mouths to fray into a broad delta, detach from the galaxies, and
be pushed away to larger radii. And even though at early times the filaments repeatedly re-form,
the hot gas and the outflows act to weaken the filaments and accelerate their ultimate disruption.
Although galactic outflows are generally thought of as ejective feedback, we find that their action on
the filaments suggests a preventive role as well.
1. INTRODUCTION
Studying the formation and evolution of Milky Way
(MW)-like galaxies with stellar masses ranging from
3 × 1010 M to 3 × 1011 M has been a focus of con-
certed attention for several decades. These systems are
ubiquitous — they comprise the majority of the bright
galaxies in the local universe — and they host more
than two-thirds of the present-day stellar-mass density
(see Papovich et al. 2015 and references therein).
Although the majority of studies focus on formation
and evolution of the central galaxies themselves (see,
for example, Guedes et al. 2011; Stewart et al. 2017;
Garrison-Kimmel et al. 2017), one of the earliest predic-
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tions of the hierarchical structure formation models is
that these galaxies ought to be cocooned by halo-filling
diffuse gas, with temperatures ranging from a few ×105
to a few ×106 K (Rees & Ostriker 1977; White & Rees
1978).
Until about a decade ago, observational evidence for
the existence of this gaseous halo was sparse and difficult
to interpret (see the review on gaseous halos by Put-
man et al. 2012). However, significant recent progress
has resulted in a compelling compendium of UV and X–
ray absorption line data (Tumlinson et al. 2011; Peeples
et al. 2014; Gupta et al. 2012; Miller & Bregman 2013;
Fang et al. 2015), OVII and OVIII emission line mea-
surements (Gupta et al. 2009; Henley & Shelton 2012;
2013; Miller & Bregman 2015), and even the direct
detection of extended X-ray emission from bright spi-
ral galaxies more massive than the MW (Anderson &
Bregman 2011; Bogda´n et al. 2013a;b; Anderson et al.
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2016). Nonetheless, our Galaxy is presently the only
available laboratory for studying in detail the structure
and the characteristics of the gaseous halos around ordi-
nary MW-like galaxies, and potentially gain insights into
their origin. The latest observational analysis indicates
that the total mass of this component around the Milky
Way is ' 3−5×1010 M and extends essentially out to
the virial radius (Miller & Bregman 2015), in excellent
agreement with the results from the Eris simulations
discussed in Soko lowska et al. (2016).
In existing structure formation models, the origin of
the gaseous halo is intimately linked to the evolution
of the dark matter halos and their central galaxies. In
the earlier incarnations of the galaxy formation picture,
gas flowing onto a growing dark matter halo shock-heats
to form a diffuse, dark matter halo-filling atmosphere.
This gaseous halo was assumed to be quasi-static if its
“cooling radius” — the radius where the characteristic
cooling time equals the age of the universe — is close to
the halo center. Otherwise, the gas within the cooling
radius cools, sinks towards the halo center, and fuels
both the formation of, and the star formation within,
the central galaxy (Rees & Ostriker 1977; Binney 1977;
Silk 1977; White & Rees 1978; White & Frenk 1991).
A complication arises when the cooling radius exceeds
the virial radius. As discussed by White & Frenk (1991),
cooling is so rapid that the infalling gas never establishes
an extended quasi-static atmosphere. Although not ex-
plicitly stated at the time, this also means that a stable
accretion shock cannot form at the virial radius, and the
infalling gas will flow onto the galaxy without experienc-
ing an accretion shock. Based on their shock stability
analysis, Birnboim & Dekel (2003) identified the critical
halo mass at which a stable shock can be maintained at
the virial radius to be ' 1011 − 1012M, depending on
the metallicity of the gas.
The above picture, and the calculations, are, however,
rooted in the idealized, spherical collapse and spherical
halo models. In practice, both the accretion history and
the flow geometry of the mass converging onto a halo is
much more complex. In lock-step with the emergence of
virialized structure, the large-scale matter distribution
in the universe organizes into a network of filaments and
sheets; and as the virialized structures grow hierarchi-
cally, the filaments too merge and grow in scale (Cautun
et al. 2014). Initially, the halos of MW-like systems form
at the intersections of filaments but eventually, they are
incorporated into either larger filaments (field galaxies)
or larger virialized systems (group and cluster galaxies).
Successful execution of increasingly realistic, high res-
olution galaxy formation simulations within their proper
cosmological setting has radically transformed our un-
derstanding of how baryons accrete onto galactic halos
and how galaxy formation proceeds. For one, the bulk
of the gas accreting onto a halo at a redshift 0 ≤ z . 3 is
never heated to the halo’s virial temperature if the halo
mass is less than 3 × 1011M (Fardal et al. 2001; Katz
et al. 2003; Keresˇ et al. 2005; 2009; Dekel et al. 2009;
Brooks et al. 2009). In fact, the simulations suggest two
distinct modes of smooth gas accretion onto the galactic
halos: (i) “cold mode” accretion, where the gas accretes
via “cold” filamentary streams that often penetrate to
the halo centers; and (ii) “hot mode” accretion, where
the accreting gas encounters a stable accretion shock and
the combination of this and the subsequent compressive
heating raises its temperature to T ∼ a few × 105 to
as much as a few × 106 K (see Keresˇ et al. 2005; 2009;
Dekel & Birnboim 2006; Dekel et al. 2009).
In this revised paradigm, initially the gas enters the
galactic halos through narrow, cold, dense filamentary
streams. As the streams converge onto the central
galaxy, they experience compressive heating but while
the gas cooling time is shorter than the heating time,
the streams remain cold and deposit their gas directly
onto the central galaxy (van de Voort et al. 2011; Stew-
art et al. 2017). Eventually, the cooling efficiency of
the gas drops, the cooling time exceeds the compressive
heating time, and an increasing fraction of the gas starts
to form the galaxy’s diffuse gaseous halo instead of set-
tling into the galaxy (Joung et al. 2012). The emergence
of this atmosphere sets the stage for a stable accretion
shock at the virial radius.
Concurrently, on the supra-galactic scale, the cosmic
filaments are growing and as their widths become com-
parable to the sizes of the halos, an increasing fraction
of the gas flows onto the halos in quasi-spherical fashion,
shock heating as it encounters the accretion shock, and
then heating up further as it is squeezed deeper into the
halo. It is this gas that is generally thought to build the
diffuse gaseous halos (van de Voort et al. 2011).
Before proceeding, we emphasize that most of the dis-
cussion of hot and cold mode accretion in the literature
refers to the accretion onto the central galaxy. Here, we
are mainly interested in gas accretion onto the galactic
halos1 as it pertains to the establishment of the gaseous
halo and especially, the X-ray luminous corona. We also
caution that the simple picture sketched out here should
be viewed as a conceptual aide. In practice, the differ-
ent stages do not unfold sequentially and there are times
when both the hot and the cold modes co-exist. In gen-
1 For a thorough discussion of the similarities and difference
between gas flow onto the halo and onto the galaxy, we refer the
reader to van de Voort et al. (2011).
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eral, the timing of the transition from predominantly
cold to largely hot mode accretion depends on each
halo’s individual growth rate but for MW-like galaxies,
it typically occurs around z ∼ 2 (Keresˇ et al. 2009).
The studies of Fardal et al. (2001); Katz et al. (2003);
Keresˇ et al. (2005; 2009); Dekel & Birnboim (2006)
that laid the foundation for the above picture, though
groundbreaking, did not include the full set of sub-grid
implementations of the key physical processes that gird
today’s successful galaxy formation simulations. The
simulations of Keresˇ et al. (2005; 2009), for example,
lack sufficiently effective supernovae (SNe) feedback re-
quired to prevent the over-production of stars. Contem-
porary studies have shown that strong SNe feedback, in
concert with other stellar feedback processes like stellar
winds, radiation pressure, and photo-heating, is crucial
for (i) obtaining realistic stellar and baryonic masses and
star formation efficiencies in halos with masses as high as
1013M (Dave´ et al. 2011; 2012; Christensen et al. 2016;
Liang et al. 2016); (ii) ensuring that the lower-mass end
of the galaxy stellar mass function agrees with observa-
tions (e.g. Dave´ et al. 2011; Bower et al. 2012; Puchwein
& Springel 2013); and (iii) realizing disk galaxies with
reasonable global and local properties across a broad
mass range: dwarfs (Shen et al. 2014), spiral galax-
ies (Guedes et al. 2011; Marinacci et al. 2014; Agertz
& Kravtsov 2015; Rosˇkar et al. 2014; Garrison-Kimmel
et al. 2017), and massive early–types (Fiacconi et al.
2014).
A common feature of all the simulations is that strong
SNe feedback engenders powerful galactic outflows (see
the review by Somerville & Dave´ 2015 and references
therein). This is not a surprise; numerous studies dating
back to Mathews & Baker (1971); Larson (1974); Dekel
& Silk (1986); Babul & Rees (1992) have anticipated
this. Moreover, it seems inevitable that the expulsion of
a large fraction of the gas out of the galaxies and into
the halo (and beyond) ought to have a profound impact
the emergence and evolution of the gaseous halo. This
was hinted at by White & Frenk (1991), and several
simulation-based studies (e.g. Oppenheimer & Dave´
2006; Dave´ et al. 2011; 2012; van de Voort et al. 2011;
2016; Christensen et al. 2016; Stewart et al. 2017) of
galaxy formation have also commented on this, not-
ing that galactic outflows are required to account for
the metallicity gradients within the gaseous halos; that
they tend to make the gaseous halos more radially ex-
tended — in the Eris simulation of the MW galaxy, the
total baryonic mass fraction within the virial radius is
only 70% of the universal value (Soko lowska et al. 2016)
— and that both the size and the mass of these halos
are correlated with the star formation episodes (van de
Voort et al. 2016).
In this paper, we present a detailed investigation of
the origin of the gaseous halo around MW-like galaxies.
We pay particular attention to the roles of the differ-
ent accretion modes, merger-induced shocks (see also
Sinha & Holley-Bockelmann 2009a), and SNe feedback
in building the gaseous halo. The present study is mo-
tivated by our previous paper (Soko lowska et al. 2016,
hereafter Paper I), where we explored the present-day
diffuse halos of MW-like galaxies using a suite of high-
resolution, zoomed-in hydrodynamic simulations. Our
principal simulation, Eris, employs a SNe feedback pre-
scription that is remarkably successful at making a re-
alistic Milky Way-like galaxy (Guedes et al. 2011). In
Paper I, we showed that the key properties of this virtual
MW’s gaseous halo are also in excellent agreement with
recent observational constraints for our Galaxy’s halo:
namely, an X-ray luminosity in the 0.5-2 keV band of
∼ 1039 erg/s; coronal density sufficient to ram-pressure
strip Milky Way satellites; and a radial electron density
profile consistent with that implied by the OVII absorp-
tion line measurements of Miller & Bregman (2013) (see
Soko lowska et al. 2016 for details). We also identified an
intriguing feature in the halo of our simulated galaxy:
a central spheroidal region with a radial extent of 100-
140 kpc (0.6 rvir) embedded in a T = 10
5−6 K warm-hot
atmosphere containing most of the mass. Within this
central region (hereafter, referred to as the corona), the
density of the hot (T > 106 K) gas exceeds that of the
warm-hot gas.
Here, we not only examine the build-up of the corona
and the gaseous halo in Eris but also, for comparison,
in (i) ErisNFB, i.e. Eris with SNe feedback switched
off, (ii) Eris2k (Soko lowska et al. 2016; 2017), a vari-
ant with the same initial conditions as Eris but with
enhanced cooling as well as boosted SNe feedback, (see
also Shen et al. 2012; 2013) and (iii) Venus (Soko lowska
et al. 2017), a new addition to our inventory of zoomed-
in simulations of MW-like galaxies with a more active
merger history than Eris.
The present paper is organized as follows: In Section
2, we motivate why we investigate this particular set of
runs and describe the physics included in the simula-
tions. In Section 3, we present our results about the
emergence of the gaseous halos, including the inside-
out growth of the hot corona, in Eris and Venus sim-
ulations. We discuss the roles of stellar feedback and
merger-induced shocks in giving rise to the structure
seen in our simulations, and explore the connection be-
tween the growth of the corona and the inflowing cold
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filamentary network. This is then followed by a sum-
mary and concluding remarks in Section 4.
2. SIMULATIONS
Our study is based firstly on two unique, high-
resolution, cosmological, zoom-in simulations of Milky
Way-sized spiral galaxies, Eris and Venus. The simula-
tions assume the flat WMAP-3 cosmology (ΩM = 0.24,
Ωb = 0.042, HO = 73 km/s/Mpc, n = 0.96, σ8 = 0.76)
and were performed with the tree-smoothed particle
hydrodynamics (SPH) code gasoline (Wadsley et al.
2004) with mass resolution mdm ' 9.8 × 104 M and
mSPH ' 2× 104 M, and spatial resolution ' 120 pc.
The late-time spiral galaxy in the first of the two
runs, Eris, has been previously shown to be an excel-
lent match to the Milky Way (Guedes et al. 2011). The
second simulation, Venus, was run with the same sub-
grid prescriptions as Eris but employs different initial
conditions (IC) while ensuring that the final virial halo
mass (∼ 8 × 1011 M) and the halo spin parameter
(λ ∼ 0.03) are nearly identical to that in Eris. As a
result, although the galaxies in Eris and Venus both
form at the intersection of four dark matter filaments,
their mass convergence pattern is very different (see Fig-
ure 1). The dominant halo in Eris assembles early on
and has a relatively quiet merging history, with the last
major2 merger occurring z = 3.1. On the other hand,
Venus has a much more active merger history and ex-
periences twice as many major mergers as Eris, with
the last major merger occurring at z = 0.9. Also, mul-
tiple progenitors of comparable mass evolve separately
in Venus for a long time, with single dominant halo and
its associated galaxy only appearing after the last ma-
jor merger. The amount of substructure at z = 0 is
also more abundant in Venus than in Eris, both in the
stellar and in the dark matter components. In particu-
lar, a large satellite orbits around the primary galaxy in
Venus at late times, exciting perturbations in the disk
of the central galaxy at pericenter passages as late as
z = 0.24.
As for the physical processes, both simulations in-
clude radiative and Compton cooling. The radiative
cooling is computed for a simple mixture of H and
He via non-equilibrium cooling rates in the presence of
the ionizing cosmic ultraviolet (UV; Haardt & Madau
1996) background (Wadsley et al. 2004). Additionally,
T < 104 K gas can cool through fine structure and
metastable lines of C, N, O, Fe, S, and Si (Bromm et al.
2001; Mashchenko et al. 2007).
2 Defined as a merger with mass ratio > 0.1 between the two
galaxies.
Both runs utilize the same star formation prescrip-
tions (see Stinson et al. 2006 for details). Briefly, the
gas particles must have a density greater than the star
formation threshold of nSF = 5 atoms cm
−3 and temper-
ature T < 104 K in order to form stars. Particles that
satisfy these requirements are stochastically selected to
form stars according to dM∗/dt = c∗Mgas/tdyn, where
M∗ is the mass of stars created, c∗ is a constant star
formation efficiency factor (set to 0.1 in all runs), Mgas
is the mass of gas creating the star, and tdyn is the gas
dynamical time. Each star particle then represents a
population of stars, covering the entire initial mass func-
tion (IMF). We adopt the Kroupa et al. (1993) IMF and
stars more massive than 8 M are assumed to explode
as SNII at the end of their lives.
In both runs, SNI and SNII enrich the interstellar
medium (ISM) with metals as well as inject energy into
the medium. According to the “blastwave feedback”
model of Stinson et al. (2006), SNe energy is introduced
as purely thermal injection of energy as the blastwave
shocks are expected to convert the kinetic energy of
ejecta into thermal energy on scales smaller than those
resolved by our simulations. Once energy is introduced
(the fraction of SN energy that couples to the interstel-
lar medium is SN = 0.8), the particles receiving the en-
ergy are prevented from cooling for typically 10–50 Myr,
with the cooling shut-off timescale being computed as
the sum of the Sedov–Taylor (Taylor 1950; Sedov 1959)
and snow-plough phases in the ejecta (McKee & Os-
triker 1977). By delaying the cooling, we model, in
a phenomenological way, the unresolved effects of mo-
mentum driving and heating by turbulent dissipation in
the ejecta before they reach the radiative phase. Delay-
ing the cooling also prevents artificial overcooling of gas
heated by SNe feedback. The strength of feedback de-
pends on the number of SNe produced, which is in turn
governed by the IMF and, locally, by the star formation
density threshold.
Apart from Eris and Venus, we also consider two addi-
tional simulations, both variants of Eris: ErisNFB and
Eris2k. Both runs have identical initial conditions as
Eris. ErisNFB has the same physics as Eris except that
the SNe do not inject any energy into the ISM (see Sec-
tion 3.3) while in Eris2k (see Section 3.5), the physics
set is augmented to allow gas at T > 104 K to cool via
metal-line radiation, more efficient metal-line cooling of
gas at T < 104 K (c.f. Shen et al. 2012; 2013), SNe feed-
back is boosted, and turbulent diffusion of thermal en-
ergy and metals is enabled following Shen et al. (2010).
Metal-line cooling is computed with the code cloudy
(Ferland et al. 1998) under the assumption that the
metals are in ionization equilibrium (Shen et al. 2010),
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Figure 1. Density maps of gas around the galaxies (shown edge-on) in the two simulations under consideration: Eris (quiet
accretion history) and Venus (active accretion history). Width of each square is 1 comoving Mpc. The cross sections of the
most massive progenitor halo at each time step are shown as red circles.
in presence of an updated cosmic ionizing background
(Haardt & Madau 2012). SN Feedback is enhanced
both locally and globally by simultaneously raising the
star formation density threshold to 100 atoms cm−3 (see
Guedes et al. 2011; Mayer 2012; Hopkins et al. 2012 for
a discussion about the resulting local enhancement of
SN feedback) and adopting a more top-heavy Kroupa
(2001) IMF than the Kroupa et al. (1993) IMF used in
Eris, which yields about a factor of 2.8 more SNe at the
same star formation rate. We refer interested readers to
(Soko lowska et al. 2016) and (Soko lowska et al. 2017)
for a more details about the Eris2k simulation. Table 1
summarizes the runs discussed in this paper.
3. RESULTS
In Paper I, we discussed in detail the properties and
the structure of the low redshift gaseous halo in the
Eris simulation. We found that this halo consists of a
Run UVB IMF nSF Tmax SN MC IC
Eris HM96 K93 5 3× 104 0.8 low-T Q
Eris2k HM12 K01 100 1× 104 1.0 all-T Q
Venus HM96 K93 5 3× 104 0.8 low-T A
Table 1. Input parameters of the runs. Notation: UVB
– UV background (HM96: Haardt & Madau 1996, HM12:
Haardt & Madau 2012), IMF – initial mass function (K93:
Kroupa et al. 1993, K01: Kroupa 2001), nSF – star formation
density threshold in cm−3, Tmax – maximum temperature (in
K) of a gas particles that can participate in star formation,
SN – SN efficiency parameter in 10
51 erg, MC – metal cool-
ing, and IC – initial conditions (Q: quiet merger history, A:
active merger history).
central spherical region about the primary galaxy, con-
taining predominantly hot (T > 106 K), and surrounded
by an atmosphere for warm-hot (105−6 K) gas extending
6 Soko lowska et al.
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Figure 1: Temperature maps of the gaseous halo of Venus at three various timesteps. The width of each square is
300 comoving kpc. Compare with Fig. 1 of Soko lowska et al. (2015).
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Figure 2: Radial distribution of cumulative mass and its evolution with redshift. Top solid lines denote all gas,
whereas the bottom solid and dashed lines denote the warm-hot and hot components of gas, respectively. Quantities
are normalized to the virial mass and virial radius of the galaxy at a given redshift. Left to right: Eris, E2k, Venus.
radial temperature profile peaks and then drops well
before virial radius of a galaxy implies that the bulk
of the halo gas was heated up inside-out rather than
shock-heated at the virial radius. This could be done by
means of two processes: feedback and shock-heating of
the supersonic flows o↵ the matter near the disk. We
will investigate these possibilities in the section 3.2.
The growth of the corona happens at the expense of
the warm gas, which we present in Figure 4. The warm
gas (3⇥104 105 K) is locally depleted over time (center
of the dip at r/rvir ⇠ 0.1  0.2). At the same time, the
warmhot material increases in density at the distances
slightly shifted outwards with respect to the depletion
radii but locationally overlapping. This phenomenon
becomes evident at z = 2, which is in line with our
estimate of the formation time of the corona, based on
the cummulative mass profiles.
Fig. 4 highlights the radial density distribution of all
gas and three other phases: warm, warm-hot and hot.
Any strong deviation from a smooth evolution is a po-
tential signature of highly energetic processes. Decoding
them is of particular interest for... The mass density is
normalized to the critical density of the universe at a
given redshift in order to disentangle the true evolution
from the cosmological one.
• In the left panel of Fig. 4 we show the evolution of
the mass density of warm gas (T = 104.48 5 K,
dashed lines). The most conspicuous result to
well of the galactic halo with respect to the first-genera-
tion runs.
All runs feature generic accumulation of warm-hot and hot
gas component through the combination of feedback and
shock-heating after the last major merger (z<3, see Figure 1).
The specific role of these distinct processes in building the
galactic halo will be addressed in Paper II. In the remainder of
this section we will present the late-time properties of the
corona and focus on how they compare with the lat st
observational cons raints on the diffuse gaseous halo of the
Milky Way.
3.1. Mass Budget of the Corona
In Figure 2, we present the cumulative radial distribution of
warm-hot and hot gas mass normalized to the virial mass at
z=0.5. Although E2k clearly stands out (red lines), Eris and
ELE exhibit similar distribution of both components, with a
slight overabundance of gas in ELE with respect to Eris, likely
due to the lower efficiency in turning gas into stars.
All three runs share a common attribute—hot gas attains a
fraction of the virial mass of order 1%, and the location of this
maximum indicates that hot coronae are enclosed within
∼100 kpc at z=0.5 (see also Figure 1). At z=0 this translates
into hot phase gas enclosed within ∼140 kpc, hence much
below the virial radius of the galaxy. It is the warm-hot medium
that extends to the virial radius (rvir ∼ 240 kpc at z=0) and
beyond. We note that the size of the Milky Way gaseous halo is
still a huge uncertainty—according to studies of Local Group
by Nicastro et al. (2002) and Rasmussen et al. (2003), the
corona of hot gas may extend to 1Mpc or over 140 kpc
respectively; Bregman & Lloyd-Davies (2007) favor the range
of 15–100 kpc, while Gupta et al. (2012) mention over 100 kpc.
Figure 1. Temperature maps of the three representative runs: Eris (top row), ELE (middle), and E2k (bottom row), scale is in the physical units (kpc). Snapshots
correspond to three example evolutionary time steps. Virial radii in all three runs are approximately rvir=(3 , 50, 170) kpc for the corresponding redshifts z=(4, 3,
0.5). Note the white region at z=0.5—it is a signature of the spherically shaped hot coronae.
Figure 2. Radial profile of the cumulative mass of warm-hot gas (dashed) and
hot gas (solid) at z=0.5 for three independent runs. Both mass and radial bins
are normalized to the exact virial mass = :M M6.5, 6.7, 6.5 10vir 11( ) and
virial radius =r 168.5, 170.4, 169.7vir ( ) kpc of Eris, ELE, E2k, respectively.
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Figure 2. Two pathways to the same result: a galaxy surro nded by an X-ray-bright corona. Temperature maps of the
gaseous hal of Venus and Eris centered on the most massiv progenitor halo, at three different times. The width of each
square is 300 comoving kpc. Compare with Fig. 1 of Soko lowska et al. (2016).
out to the virial radius. We labeled the central region
the“hot corona” and will refer to as such in the present
paper too. The temperature of the hot gas within the
corona is a factor of ∼ 2− 2.5 greater than the system’s
virial temperature at z = 0 (Balogh et al. 1999; van de
Voort et al. 2011) of
Tvir ≈ 4× 105 K
[
Mhalo(z)
7.6× 1011 M
]2/3
(1 + z), (1)
where we have scaled t e relationship to Eris’s dark
matter halo mass at z = 0. The corona has a radius
of about 100 kpc at z = 0.5 and grows to 140 kpc at
z = 0, eq ivalent to 0.6 rvir. Its mass is ap roxi a ely
7 × 109 M w ile hat of the warm-hot gas is about
four times larger, i.e. ∼ 3 × 1010 M. The combined
properties of the hot corona and the warm-hot atmo-
sphere in Eris are in excellent agr ement wit a number
of different observational constr ints and characteristics
of the Milky Way halo gas, including its elect on den-
sity profile and the X–ray luminosity of ∼ 1039 erg/s
in the 0.5-2 keV band ( e Soko lowska et al. 2016 and
references therein for details).
Here, we start by assessing Venus. As we did with
Eris, we compute the X-ray luminosity of the gas parti-
cles within the virial radius of a halo using the radiative
rates from the Astrophysical Plasma Emission Code3
(APEC) (Smith et al. 2001), which assumes an optically
thin gas in collisional ionization equilibrium (for more
details on the calculation, see Paper I). We find that
the X-ray luminosity of Venus, LX = 1.2 × 1039 erg/s,
is also in excellent agreement with the Milky Way ob-
servations.
Figure 2 compares the Eris and Venus gas tem-
perature maps at three different time steps: z =
4, 3, and 0.5. As mentioned previously, the config-
uration of the filamentary network in the two simula-
tions is different, resulting in two distinct evolutionary
sequences for the gas. For example, at z = 4, cold fil-
amentary flows penetrate the halos of the of the main
progenitors in both runs but gas in Eris is hotter. At
z = 3, a central region containing both hot and warm-
hot gas has formed about the most massive progenitor
galaxy in Eris while in Venus, the gas has yet to heat up
to the same temperatures and is also more widely dis-
tributed among the multiple progenitors. By z = 0.5,
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however, Venus acquires a corona/gaseous halo like
that in Eris.
That both Eris and Venus reach similar endpoints
with respect to the structure of gaseous halo/corona,
even though they do so via different evolutionary path-
ways, raises a number of questions regarding the pro-
cesses that govern their evolution and facilitate the con-
vergence at z = 0. In what follows, we analyze the sim-
ulations to identify the key processes involved. The one
phenomenon that stands out is powerful episodic galac-
tic outflows. We also discuss the impact of the outflows
and the growing hot coronae on other structures in the
galactic halo, including the cold filaments depositing gas
onto the central galaxy, and on the transition from cold
filamentary to hot quasi-spherical accretion mode.
Throughout this paper, we follow the schema adopted
in Paper I and discuss the distribution and the proper-
ties of gas in different temperature ranges, namely cold
gas (T < 3× 104 K), warm gas (3× 104K < T < 105K),
warm-hot gas (T = 105−6K), and hot gas (T > 106K).
We do so to facilitate comparison with the observational
literature where the discussion is informed by the diag-
nostics used to study the gaseous halos (see the review
by Putman et al. 2012 for details). For completeness,
we note that the first two categories correspond to gas
probed via HI and Hα emission lines, as well as by vari-
ous low and intermediate ion absorption lines, including
Lyα, Mg II, S III, S IIII, C II, CIII, and O I. The third
category corresponds to gas studied via C IV and O VI
absorption lines, and the fourth to X–ray emissions and
O VII and O VIII lines.
3.1. Growth of the diffuse medium: an overview
The conventional description (see, for example, Keresˇ
et al. 2009) of the formation of the diffuse gaseous halos
and their X-ray luminous coronae assumes that they are
primarily generated by hot mode accretion onto the ha-
los once the halos’ mass exceeds the critical mass thresh-
old; that is, the accreting gas is shock-heated by a stable
accretion shock at the virial radius. In the post-shock
region, the gas that enters at an earlier time is pushed
deeper into the halo by presently inflowing gas. If the
cooling time for this diffuse gas is longer than the com-
pression time, the gas heats up as it is squeezed deeper
into the halo. Joung et al. (2012) find that in their simu-
lated MW-like galaxies, the dominant component of this
inward flowing diffuse gas is < 105K beyond the virial
radius, 105 < T < 106 K (i.e. warm-hot) down to ≈ 50
kpc, and then > 106 K (i.e. hot) within the innermost
20−50 kpc. Here, we assess this picture in the context
of our simulations.
In the left panel (a) of Figure 3, we show the evolv-
ing total (virial) halo mass for the most massive pro-
genitor halo in Eris and Venus as a function of red-
shift. The grey band shows the Dekel & Birnboim (2006)
metallicity-dependent critical mass threshold that they
argue a halo must grown to in order to sustain an in-
ner shock at 0.1 rvir. The band’s width is due to its
dependence on metallicity and corresponds to a spread
of 0.03Z to 0.3Z. In this model, the critical mass for
sustaining a stable virial shock (at rvir) exceeds 10
12M,
even with Z = 0.03Z, and hence sits above the grey
band. The blue band corresponds to the nearly redshift
independent (at least for 0 ≤ z ≤ 3) threshold mass
range of 2 − 3 × 1011 M, where halos start to develop
diffuse gaseous atmospheres in the simulations of Keresˇ
et al. (2009). This is also mass range where the accre-
tion onto the halos transitions from predominantly cold
to predominantly hot mode. Given their different mass
accretion histories, it is not surprising that Eris and
Venus simulations transition to the hot mode accretion-
dominated phase at different times. Eris crosses into
the Keresˇ et al. (2009) blue band at z = 3 and into the
grey band at z = 2. Venus lags Eris, crossing the blue
and grey bands at z = 2 and z = 1.5, respectively.
In the middle and the right panels (b) of Figure 3,
we show the gas mass budget within the virial radius of
the most massive progenitor halos of Eris and Venus,
respectively, at 6 different redshifts. The gas mass is nor-
malized to the virial mass of the halo at the redshifts un-
der consideration and categorized by temperature: cold
(T < 3× 104 K), warm (3× 104K < T < 105K), warm-
hot gas (T = 105−6K) and hot (T > 106K). We ex-
plicitly exclude gas in the galactic disk, i.e. gas with
density higher than the star formation density thresh-
old (5 atoms/cc), in order to isolate the gaseous halo.
The differences in the gas fractions between the two sim-
ulations is due to their different assembly history; i.e.,
the relatively low gas fraction before z = 2 in Venus is
correlated with its late halo assembly. However, after
Venus undergoes its last major merger and the halos
masses in the two simulations converge, the gas frac-
tions in both runs become similar too.
Examining the distribution of gas across the different
phases in Eris first, we find that although the cold gas
(blue) is the most abundant component until z = 2,
there is already significant warm-hot, and especially
hot, halo gas by z = 3. The two components com-
bined comprise ' 30% of the total diffuse gas budget
at z = 4 and ' 40% at z = 3. In Venus the hot
and warm-hot diffuse gas comprises ' 20% at z = 3
and ' 40% by z = 2. Of particular interest to us is
the presence of nearly constant fraction of hot (> 106)
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Figure 3. The stable shock condition and the formation of the gaseous halos in Eris andVenus. a) Mass of the most massive
progenitor halo as a function of redshift is compared with the critical mass for the development of a stable shock. The grey band
represents the metallicity-dependent expectation for the critical mass necessary to develop a stable inner shock at 0.1 rvir(Dekel
& Birnboim 2006; metallicity range 0-0.3 Z). The blue band marks a mass range of halos from Keresˇ et al. (2009) that can
sustain atmospheres of hot, virialized gas. b) Gas mass budget of the gaseous halos around the galaxies within the most massive
progenitor halos in Eris and Venus at various redshifts, measured within their virial radii. Cold gas: T < 3 × 104 K; warm
gas: 3× 104K < T < 105K; warm-hot gas: T = 105−6K; hot gas: T > 106K.
gas at 0.5 . z . 3 in Eris and 0.5 . z < 2 in
Venus. This fraction is 14− 16% in Eris and 12− 13%
in Venus. The temperature of this gas is a factor of
∼ 2− 3 higher than the virial temperature of the halos
at these epochs: Tvir = (5.3, 7.5, 7.1, 6.8, 6.1) × 105 K
for Eris and (2.9, 2.8, 4.5, 7.4, 6.0)×105 K for Venus at
z = (4, 3, 2, 1, 0.5), respectively. Although this hot gas
is not the most abundant gas phase, it is primarily re-
sponsible for the extended diffuse X-ray emissions and
is also the component that is traced by the OVII/OVIII
absorption/emission. As we summarized in the Intro-
duction and discussed in much greater detail in Paper
I, the low-z hot gas properties in our simulations agree
remarkably well with the observations.
To identify the origin of the hot gas, we flag the gas
particles within the virial radius that comprise this com-
ponent at z = 0, and track their temperatures back in
time. We also note the time when they accreted onto
the most massive progenitor halo in the two simulations.
We treat a particle as accreted when it crosses the virial
radius of the halo for the first time.
In Figure 4, we show that the gas that ends up in a
hot coronae at z = 0 is not accreted exclusively at late
epochs. A significant fraction (i.e. ∼ 30%) of it is ac-
creted at early times, over the first 5 − 6 Gyrs, and is
cold at the time. This cold-accreted gas, which comes
in via the filamentary streams and is, early on, primar-
ily deposited onto the central galaxy must be heated
to over a million degrees and expelled from the galaxy
104
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Figure 4. Temperature of gas particles present in a z = 0
hot corona at first rvir crossing, showing two-stage halo gas
evolution. The dotted line marks approximately the time of
the equivalence of the cold and hot mode accretion (z = 2.5).
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in order to become a part of a hot corona. There are
only two main mechanisms that can do this: strong
shock-heating and dispersal of the gas as a result of ma-
jor mergers (Poole et al. 2006; 2008; Sinha & Holley-
Bockelmann 2009b) and/or heating and expulsion via
supernova-driven galactic outflows (e.g. Oppenheimer
& Dave´ 2006; Dave´ et al. 2011; 2012; van de Voort et al.
2011; 2016; Christensen et al. 2016; Stewart et al. 2017).
We note that we write “and/or” because mergers, espe-
cially gas-rich mergers, are frequently associated with
starbursts.
The contribution of the cold-accreted gas to the coro-
nae drops off steeply after ≈ 5.5 Gyrs of evolution (i.e.
after z ∼ 1.15) in favor of warm and warm-hot accre-
tion in both simulations. By this time, both halos are
of similar mass and growing at nearly the same rate.
The warm/warm-hot accretion flow never settles onto
the central galaxy and the fraction that contributes to
the corona is gas that is initially shock-heated upon ac-
cretion and then heated to coronal temperatures either
via compression or via additional shocks in the inner
halo due to interactions with the outflowing winds.
Figure 4 also shows the time when the amount of cold-
accreted gas first equals the amount of gas coming in
via warm-hot and hot modes. This is delineated by the
black dotted line (and referred to as the epoch of “equiv-
alence”) and corresponds to approximately z = 2.5 for
Eris and z = 2.3 for Venus. We did not expect that
these times would be comparable given that the mass
of the dominant halos in the two runs is different by a
factor of a few at the time (see Figure 3a). However,
from about z = 2.9 to 1.4, Venus experiences a series
of gas-rich mergers. Each merger leads to a sharp in-
crease in the diffuse gas fraction, resulting in an overall
accelerated growth to similar level as in Eris by z = 2
(panel b of Figure 3).
3.2. The distribution and thermal properties of the
gaseous halo
In this subsection, we investigate the distribution of
diffuse gas that comprises the gaseous halo, and char-
acterize its thermal evolution as a function of time. As
previously, we ignore the gas that belong to the disk, i.e.
all the gas with density higher than the star formation
density threshold of 5 atoms/cc.
Firstly, we present the temperature profiles of the
gaseous halo in Figure 5. This is mass-weighted aver-
age temperature of the gas in radial shells around the
galactic center and normalized to the virial temperature
of the halo: Tvir = (5.3, 7.5, 7.1, 6.8, 6.1) × 105 K for
Eris and (2.9, 2.8, 4.5, 7.4, 6.0) × 105 K for Venus at
z = (4, 3, 2, 1, 0.5), respectively. One can distinguish
two regions in these profiles, to the right and left of the
black vertical line (r/rvir = 0.06), which marks the ap-
proximate extent of the galactic disk at z = 0. The
gas to the left cools to a fraction of the virial temper-
ature, flows into and supplies fresh gas to the galactic
disk. The gas to the right grows hotter with time. Prior
to z ≈ 2, the gas is nearly isothermal across this re-
gion but thereafter, the temperature distribution has a
maximum near 0.2rvir (40 kpc at z ≈ 0) and declines
to ' 0.5Tvir(z) at the virial radius. Such an outwardly
declining temperature profile is normal feature of the hi-
erarchical structure formation models (see, for example,
Lewis et al. 2000). At late times, the peak temperature
increases to approximately twice the virial temperature.
The particular shape of T/Tvir suggests that some heat-
ing process (or, a combination therefore) localized to the
inner halo or related to the galactic disk is responsible
for the hot corona, which, as we have mentioned previ-
ously, cocoons the galaxy and extends out to 0.6 rvir at
low redshifts.
Next, we look specifically at the spatial distributions
of the hot (> 106 K) and warm-hot (105−6 K) com-
ponents of the gaseous halos. In Figure 6, we com-
pare their density profiles at different redshifts. At first
(z = 4), warm-hot and hot gas profiles in both simu-
lations fall off as a power-law with increasing radii and
the density of the warm-hot gas is higher. After z = 2,
however, several differences arise: First, although the
power-law index of the warm-hot gas profile at small
radii remains approximately unchanged, its amplitude
decreases. It also develops a shallow trough with a min-
imum at (0.1−0.2) rvir and then rises slightly to a local
maximum before dropping off at large radii. At the same
time, hot gas profile flattens slightly to 0.4 rvir before
dropping off steeply. This steep drop-off indicates that
hot gas can be found only within a fraction of a virial
radius (∼ 0.6 − 0.8 rvir) and not beyond. Addition-
ally, the evolution of the two profiles jointly results in
a pocket between ∼ 0.05 rvir and ∼ 0.5 rvir (Eris) and
∼ 0.02 rvir and ∼ 0.2 rvir (Venus) where the hot gas
concentration exceeds that of the warm-hot gas. This
pocket emerges at z ' 2 in Eris.
We quantify the extent of the hot gas as a function of
time in Figure 7. We define its extent as a radius encom-
passing 80% of the total hot gas mass within the virial
radius (r80) and find that before the formation time of
the corona (ı.e. around z = 4 − 3), the hot gas extends
out to 80% of the virial radius. As the halo accretion
mode switches to hot mode, the hot gas component in
the halos is increasingly confined by the accumulating
blanket of warm-hot gas, to 0.6 rvir at z = 2 and de-
creasing with time to 0.4 rvir by z = 0.
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Figure 5. Radial distributions of gas temperature normal-
ized to the virial temperature of the halo at a given red-
shift, showing the diffuse halo in formation. The vertical
line marks the approximate extent of the disk at z = 0. Top
to bottom: Eris, Venus.
The grey-shaded area in Figure 7 shows the radius
within which the cooling time of the hot gas is shorter
than the Hubble time, as a function of the redshift. To
estimate this cooling radius, we calculated cooling time
as a function of radius according to tcool = U/Λ, where
both the internal energy, U , and the radiative cooling
rate, Λ, are taken from the simulations. We have verified
that in both simulations, the cooling time is very short
near the galactic center (e.g., within 0.1 rvir it drops to
orders of magnitude below 1 Gyr even at z = 1), and
monotonically increases with radius. Nonetheless, the
cooling time of all of the hot gas within the virial radius
at z = 3 is less than 1 Gyr time and that of all the hot
gas within, for example, 0.8 rvir at z = 2, 0.6 rvir at
z = 1, and 0.3 rvir at z = 0 is less than the Hubble
time. This means that there shouldn’t be any hot gas in
the central regions unless it was either being continually
replenished or reheated. Shock-heating of the gas as
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Figure 6. Radial density distribution of gas and its evolu-
tion with redshift. Dashed and solid lines denote the warm-
hot and hot components of gas, respectively. Quantities are
normalized to the critical density and the virial radius of the
galaxy at a given redshift, and show the development of the
onion-like structure: a corona embedded in the warm-hot
soup of gas.
a result of major mergers or heating/replenishment by
galactic outflows would both do the trick.
3.3. Role of feedback and mergers
In this section, we attempt to identify the major heat-
ing mechanisms that contributes to the formation and
build-up of the hot corona. The design of our simulation
code, Gasoline, allows us to determine the impact of
each of the following heating mechanisms on the diffuse
halo gas: radiative heating (E˙rad), supernovae thermal
feedback (E˙SN ), and artificial viscosity (E˙AV ), which re-
flects heating due to shocks, mixing etc. Here, “shocks”
refers not only to accretion shocks but to shocks in gen-
eral, including those triggered by mergers, galactic out-
flows, etc. We also show the heating (cooling) due to
adiabatic compression (expansion) (E˙pdV ). While the
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first three E˙i are non-negative, the latter can be posi-
tive (indicating heating due to compression) or negative
(indicating cooling due to expansion).
We focus on two particular phases of gas: the warm-
hot gas (T = 105−6K) and the hot gas (T > 106K). We
compute the mass-weighted E˙i for the different heat-
ing mechanisms for the gas within the virial radius as a
function of redshift, and normalize all energy injection
rates to the total heating rate E˙sum =
∑
i E˙i, where i
stands for each of the processes mentioned above.
The red and cyan lines in Figure 8 show the results for
the warm-hot and hot gas, respectively. To start with,
we note that the impact of the radiative heating on the
two phases is negligible. We also find that both phases
are expanding (and hence, cooling) at all redshifts. This
is true even at the lowest redshift in Venus despite the
dashed cyan line’s sudden steep rise to the positive do-
main. As we have mentioned previously, Venus under-
goes a major merger at z = 0.9 and in the aftermath, the
hot gas expands and cools so rapidly that even the total
energy injection rate E˙sum becomes negative and con-
sequently, E˙SN/E˙sum, E˙pdV /E˙sum and E˙AV /E˙sum all
change signs. As for the heating mechanisms, Figure 8
shows that both SNe heating and shocks/mixing con-
tribute equally to the heating of the hot phase across all
redshifts while SNe heating is slightly more important
for the warm-hot gas. We reiterate that shock heating
is not exclusively due to shocks associated gravitational
processes (i.e. accretion and mergers) but also includes
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Figure 8. Energy injection rates for various gas phases in
the region encompassed by a sphere of a virial radius around
a galaxy, normalized to the total heating rate. The color
coding corresponds to the warm-hot (red) and hot (cyan) gas
phases. Legend: radheat – heating due to atomic/radiative
processes only, SN – supernovae thermal feedback, AV –
artificial viscosity, pdV – work done by/on the gas.
contributions from shocks engendered by galactic out-
flows. In other words, E˙SN represents the minimum
amount of energy injected by the SNe. Taken together,
the above findings show that SNe heating and subsequent
inside-out expansion play a pivotal role in the the build-
up of the hot corona and the warm-hot phase in our
MW-like systems.
Yet another feature that points to the importance of
feedback and galactic outflows is the high metallicity of
the warm-hot and the hot diffuse gas from as early as
z = 7. Figure 9 shows the radial metallicity profiles (in
solar units assuming Z = 0.0194 (Anders & Grevesse
1989)) for different phases of gas at three epochs, z = 7,
z = 3, z = 0.5, in the Eris simulation. The trends
in Venus are very similar. As in the previous section,
we are interested in the metallicity of the diffuse gas
only and not in the disk; therefore, we only consider
gas below the star formation threshold density. The re-
sults show that the hot and the warm-hot phases are
the most and the second-most metal rich phases, re-
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Figure 9. Example of radial metallicity profiles per gas phase at 3 different time steps. Case study: Eris. Profiles of Venusare
very similar and show the same trend: hot gas is the most metal-enriched gas phase, and warm-hot gas is the second-most
metal-enriched gas phase.
spectively, with a nearly constant metallicity, within the
range 0.3 − 0.5 Zfor the hot phase and 0.1 − 0.2 Z
for the warm-hot phase, at least as far out as 2rvir and
as early as z = 7. The metals in our simulations come
from SNI and SNII within galaxies and galactic outflows
is the only available mechanism for transporting these
out into the halo and beyond (c.f. Dave´ et al. 2012;
Rahmati et al. 2016). The difference in the metallicity
of hot and the warm-hot gas is the result of the latter is
a mixture of high-metallicity galactic outflows and cos-
mological influx of low metallicity gas that accretes onto
the halo. We also note that there is a inward rise in the
profiles developing close to the halo center at z = 3,
which suggests that the metal-rich outflows are increas-
ingly confined at late times as the potential well deepens
and the gaseous halo itself grows.
To further understanding the origin of the warm-hot
and hot gas in the diffuse halo, we divide the gaseous
halo in Eris into three zones: (i) disk-dominated (r0 <
15 kpc), (ii) corona-dominated (r0 ∈ (15, 100) kpc), and
(iii) the outer warm-hot reservoir (r0 ∈ (100, 240) kpc).
We determine the fraction of gas mass in the different
phrases in each zone. The results are shown in Table
2. We then select 100 particles from each zone, dis-
tributed across the different phases in accordance with
the mass fractions (e.g., the representative set of parti-
cles for the central region comprises 90 cold, 1 warm, 4
warm-hot and 5 hot particles), color-code the particles
by their z = 0 phase, track them back in time, and
follow their evolution forward in time on the radius-
temperature (r − T ) diagram. Two such diagrams,
for z = 2.72 (left column) and 0.54(right column), are
shown Figure 10, where we indicate the typical trajecto-
ries of particles with black arrows; an animation (movie)
illustrating the time-evolution in a more visually infor-
Zone Cold Warm Warm-hot Hot
r0 < 15 kpc 90% 1% 4% 5%
r0 ∈ (15, 100) kpc 9% 0% 58% 33%
r0 ∈ (100, 240) kpc 2% 3% 92% 3%
Table 2. The mass fraction of gas in the four phases in each
of the three zones, at z = 0.
mative format is included with the supplementary ma-
terial.
This experiment allowed us to distinguish three dif-
ferent patterns of accretion and their evolution. These
can be categorized into two types, with the left column
in Figure 10 being an example of the first and the right
column of the second type:
We first consider the innermost zone. Not surpris-
ingly, the gas enters the halo via cold flows at early
times and flows onto the central galaxy. At late times,
the gas enters the halo and is shock-heated to T ∼ 105 K
close to the virial radius but rapidly cools down to be-
low 3×104 K. The gas that ends up in this central zone,
for the most part, remains there and even when feed-
back dramatically increases the temperature of some of
the particles, their evolution is more akin to a fountain.
They cool down very rapidly and return to the central
zone.
The middle zone (second panel in each column) is
built by circulation flows. At early times, the gas en-
ters the virial radius through cold flows and ends up
in the galaxy. Subsequently, it is heated by SNe-driven
or merger-induced shocks and expelled from the galaxy.
Some of the gas directly contributes to the hot and
warm-hot gas in the second zone, while the rest flows
out of the halo and then, falls back in and is shock-
heated upon re-accretion. Around z = 1.5, the pattern
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changes. The incoming gas follows two different paths
in the r − T diagram: some of the gas follows the tra-
jectory of the gas that ends up in zone 1, except that
this gas is subsequently heated and expelled from inner
halo. While the rest is heated via accretion shocks to
T > 105 K and flows directly into the middle zone. That
both hot and cold mode accretion exist at the same time
is expected while the halos are transitioning from the
predominantly cold to predominantly hot (Keresˇ et al.
2009; van de Voort et al. 2011). A significant fraction of
the gas that comprises the hot corona is that which has
been heated, and often driven outward, by shocks occur-
ring within the galaxy or deep in the inner halo.
Finally, the gas in the outermost zone (third panel)
initially comes in primarily as cold flows, is heated and
expelled from the galaxy, and expands to fill the outer
zone. Some of this gas expands beyond the virial radius
and eventually falls back in. While expanding, the gas
cools and drops below the 106 K threshold. This is the
clearest indication that a fraction of the outer envelope
of warm-hot gas in fact started out as hot gas. Around
z = 1.9, this inflow-to-outflow channel is overtaken by a
different pathway: the gas is heated just prior to cross-
ing the virial radius. This gas receives no SNe energy;
accretion shock is the primary heating agent. However,
a fraction of the accreting gas still cools, flows into the
galaxy, and returns as outflow.
Next, we quantify the difference that the presence of
SN feedback makes on the diffuse gas budget and its
evolution. In order to do so, we perform a direct test
of the impact of SN feedback on the halo; namely, we
run another simulation (hereafter, ErisNFB), which is
identical to Eris in every aspect except that the SN feed-
back is switched off after z = 4. This redshift was chosen
as a compromise involving various competing concerns:
(i) the simulation completes in a reasonable period of
time;3 (ii) the diffuse gaseous halo should ideally be ab-
sent; and (iii) the lack of feedback should have little or no
influence on the assembly history. Although one cannot
produce realistic galaxies without feedback, the benefit
of this test lies in being able to isolate the effect of SN
heating from gravitational heating by accretion shocks
and merger-induced shocks. We note that although we
do the above experiment with Eris, we expect similar
results for Venus.
Figure 11 illustrates a violent heating episode, which
is an example of a series of such events occurring repeat-
edly over the lifetime of our Eris run, and compares the
magnitude of this event in the original Eris run with
3 Simulations that allow for cooling but no feedback tend to
slow down dramatically as cold gas builds up.
feedback (top row) and in ErisNFB (bottom row). The
temperature maps in Figure 11 capture the evolution
of the “blast” over 0.3 Gyr. In both Eris and Eris-
NFB, the general sequence is similar: at z = 3.42, the
gaseous halo consists of two bubbles of warm-hot gas
that are separated by inflows of cold/warm gas. By
z = 3.26, the central concentration of over one million-
degree gas grows significantly into a nearly spherical re-
gion approximately 20 kpc in radius. Thereafter, the
hot gas expands and cools. Early “blasts” in Eris are
easy to detect in the temperature maps, and their timing
coincides with peaks in the star formation rate.
The second row of Figure 11 shows that the hot gas
can also be generated much earlier than expected even in
the absence of feedback. As early as z = 3.42, gas in the
center of ErisNFB exceeds the temperature threshold of
106 K. Here, the outflows are generated by shock-heating
associated with a major merger and can seen in the map
as conical warm-hot and hot patches extending beyond
the virial radius of the halo at that epoch. However, the
outflows are weaker and contain less hot gas (by mass)
than those generated in Eris, where Type II supernovae
feedback acts in concert with the merger. The extent
to which the heated gas expands by z = 2.99 in Eris-
NFB compared to Eris (bottom right panel to the top
right panel in Figure 11) attests to this.
In Figure 12, we show the radial density profiles of
the two gas phases: warm-hot (top) and hot (bottom)
for the run with SNe feedback (solid lines) and with-
out (dashed lines) at z = 3 and z = 2. The absence
of feedback results in significant differences in the inner
region of the diffuse gaseous halo (. 0.3rvir), partic-
ularly with respect to the warm-hot phase. The den-
sity of the warm-hot gas in that region is almost two
orders of magnitude higher if SN feedback is switched
on. The difference between the density of hot gas in
Eris and ErisNFB is slightly smaller but no less sig-
nificant, namely hot gas is about five times denser in
Eris than in ErisNFB. By ∼ 0.6rvir, the density pro-
files of both gas phases converge. In terms of mass,
we find 1.3 times more hot gas in Eris than in Eris-
NFB within the virial radius at z = 3 and by z = 1,
that ratio increases slightly to 1.5. In total, introducing
feedback increased the abundance of (warm-hot + hot)
T > 105 K gas within the virial radius by a factor of
1.3-1.5 between z = 3− 1.
The gaseous halos in Eris and ErisNFB are not only
structurally different but also result in divergent X-ray
evolution with redshift. We compute X-ray luminosities
at z = 3, 2, 1 in the 0.5 − 2 keV band for Eris and
ErisNFB using the same procedures as described in the
start of Section 3. We find that the X-ray luminosities
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Figure 10. The time evolution of a 100 particles, in the radius-temperature space, from each of the three radial zones of
the z = 0 gaseous halo in Eris (c.f. Table 2). The left and right columns show the state of the particles at z = 2.72 and
z = 0.54, respectively. The top, middle and the bottom rows show the results for the innermost (r0 < 15 pkpc), the middle
(r0 ∈ (15, 100) pkpc), and the outer zone (r0 ∈ (100, 240) kpc). The background of each panel is color-coded according to the
temperature range of the different phases of gas under consideration (hot, warm-hot, warm, cold) and color of the individual
points similarly indicates the phrase they end up in at z = 0. The arrows mark the typical trajectories of particles at the epochs
shown. The individual particles are represented with a dot or a cross, depending on whether they have receive feedback energy
at any time prior to the redshift shown, or not (cross = no). The vertical line marks the virial radius. For a detailed description
of the experiment, including the selection method, see the text. Case study: Eris.
are higher when feedback is included, namely 3.40×1041,
8.9 × 1040, 5.9 × 1040 erg/s as opposed to 2.4 × 1038,
1.1×1038, 1.3×1037 erg/s at z = 3, 2, 1 respectively. In
the absence of feedback, the gaseous halo is considerably
under-luminous and in fact, fails to match the observed
X-ray luminosity.
The above result is the product of three effects. In the
no-feedback run, amount of hot gas expelled out of the
galaxy is lower to start with, and this gas tends to cool
down faster. Both of these lead to a smaller, less massive
corona and a lower X-ray luminosity (see Figure 11 as
well as Toft et al. 2002). Additionally, as illustrated in
Figure 12, the run with SNe feedback has a considerably
higher density of hot (and warm-hot gas) within the in-
ner ∼ 0.6rvir. Since the X-ray emissivity scales as ρ2gas,
this makes for a significantly brighter inner halo. SN
feedback is, therefore, not only essential for obtaining
realistic disk galaxies but also realistic diffuse halos.
Before continuing, we would be remiss if we did not
point that our findings about the importance and im-
pact of heated galactic outflows on the formation and
evolution of the gaseous halos is at odds with the asser-
tions of Fielding et al. (2017). There are a number of
fundamental differences between our and their studies
that may account for the divergent findings, the most
important of which is that the Fielding et al. (2017)
study is based on simulations in which the galactic ha-
los are represented by initially spherically symmetric gas
profiles designed to capture the low-redshift structure of
the systems in an idealized fashion. And, although they
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Figure 6: Radial distribution of gas density normalized to the critical density of the universe at a given z. Top. The
density of the warm gas (dashed) and warm-hot gas (solid). Down. The density of the total (dashed) and hot (solid)
gas. Left to right: Eris, E2k, Venus. The mass density is normalized to the critical density of the universe at a given
redshift in order to disentangle the true evolution from the cosmological one.
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Figure 7: Radial distribution of cumulative mass and its evolution with redshift. Top solid lines denote all gas,
whereas the bottom solid and dashed lines denote the warm-hot and hot components of gas, respectively. Quantities
are normalized to the virial mass and virial radius of the galaxy at a given redshift. Left to right: Eris, E2k, Venus.
ter z = 2. Note that, although the ratio of SN energy
rates of hot to warm-hot gas is a factor of a few, their
cooling rates are separated by about 2 orders of magni-
tude.
In the ideal scenario, one should compare the energy
rates of shock heating and SN heating, in order to assess
their relevance and determine the key mechanism in the
formation of a corona. In practice, however, there is no
possibility to retrieve the exact energy rates of shock
heating in post-processing, therefore in what follows, we
use indirect methods in this assessment.
In the lower panel of Figure 8, we compare the SN
energy rates with an SPH tracer of shocks, the artifi-
cial viscosity (AV). Although it does not give us a real
quantification of shock heating, it enables us to draw a
qualitative picture of how shock heating operates and
6 Soko lowska et al.
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Figure 5: Radial distribution of temperature normalized to the virial temperature of the halo at a given z. The vertical
line represents the extent of the disk at z = 0. Left to right: Eris, E2k, Venus.
warm-hot gas. The fact that it happens at larger radii
suggests that heating of a bulk of gas is followed by its
expansion. This phenomenon becomes most evident af-
ter z = 2.
The bottom panel of Figure 6 shows changes in density
of hot and all gas as a function of time. Although total
gas density profiles are very similar between the runs,
there are noticable di↵erences in the evolution of hot
gas, and in particular in the strong feedback case. The
core (r/rvir < 0.05) of E2k gradually grows in hot gas
mass, of Venus – shrinks and grows intermittently, and
of Eris – consecutively decreases. All these distributions,
however, share one common feature, i.e. a development
of a sharp drop-o↵ in density at large radii after z = 2.
The build-up of hot gas mass is shown in Figure 7 and
set against the growth of warm-hot and total gas reser-
voirs for a comparison. One can immediately see that
the total gas fractions of 3 runs show little evolution.
Moreover, the warm-hot gas is always more abundant
than the hot gas. The warm-hot reservoir is smoothly
increasing in mass, in contast to the hot gas reservoir
which oscillates in mass, and develops a flat shape at
large radii by z = 1. This early flattening evidences
that the finite extent of the hot gas (a corona) argued
in Paper I begins long before z = 0.5.
Based on the three following arguments, we define the
formation time of a corona to be around z = 1: 1) the
intermediate layer of the temperature profile develops
a local maximum, indicating a development of a pro-
nounced localized hot bubble of gas (Figure 5); 2) the
warm gas density gets depleted and transformed into a
hotter phase around this time (Figure 6); 3) the cumu-
lative hot gas profile flattens, indicating hot gas confine-
ment (Figure 7).
3.2. Origin of coronae
A hot corona forms because the intermediate layer of
a gaseous halo accumulates energy at 0.1-0.7 rvir. This
gradual heating progresses throughout the lifetime of a
halo but becomes e↵ective after z = 1. As discussed
in the introduction, heating may occur through various
channels. In the standard picture, the hot X-ray emit-
ting gas originates mostly from shocks. Hereunder, we
test this scenario by identifying crucial processes which
build up a hot corona, and in turn determine whether
coronae are built inside-out or outside-in.
Similarly to the previous section, we break down
gaseous halo into cold gas (T < 3 ⇥ 104 K), warm gas
(3 ⇥ 104K < T < 105K), warm-hot gas (T = 105 6K)
and hot gas (T > 106K). We measure the mass-weighted
energy rates of supernovae released to these various
phases, as well as their cooling rates, and present them
in the first panel of Figure 8. We note that these cooling
rates entail both radiative (line) cooling and adiabatic
cooling (due to expansion). Each measurement is done
within a virial radius of a halo at a given redshift. The
particles receiving most of the supernovae (SN) energy
in Eris and Venus manage to cool e ciently down to
T < 3 ⇥ 104 K (cold phase). Most SN energy of E2k
that is released remains in a hot phase, which is another
manifestation of much stronger feedback. As expected
(and shown in Figure 8), gas at this temperature cools
least e ciently, although at a higher rate than the hot
gas of Eris or Venus, possibly due to the presence of
metal line cooling.
The second phase of gas sustained by the SN feedback
(consequently in all 3 runs) undergoes cooling down to
T = 105 6 K (warm-hot phase), although in Venus both
hot and warm-hot phases are heated at a similar rate af-
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warm- ot gas. The fact that it h pp ns at larger radii
sugg sts that heating of bulk of gas is followed by its
expansion. This phenomenon becomes most evident af-
ter z = 2.
The bottom panel of Figure 6 shows changes in density
of hot and all gas as a function of time. Although total
gas den ity profile are very similar between the runs,
there are noticabl di↵erences in the evolution of hot
gas, and in particular in th strong fe dback case. The
core (r/rvir < 0.05) of E2k gradually grow in hot gas
ma s, of Venus – shrink a d grows intermittently, and
of Eris – cons utiv ly decrea s. All these distributions,
owever, share one common fe ture, i.e. a development
of a sharp drop-o↵ in density at large radii after z = 2.
The build-up of hot gas mass is shown in Figure 7 and
set a ainst the growt of warm-hot nd total gas reser-
voirs for a compariso . On c n immediately see that
the total gas ractions of 3 runs show l ttle evolution.
Moreover, the warm-hot gas is always more abundant
than the ot g s. The warm-hot reservoir is smoothly
i cre ing in mas , in contast to th hot gas reservoir
which oscillates in mass, and develops a flat shape at
large radii by z = 1. This early flattening evidences
that th finite exten of the h t g s (a corona) argued
in Paper I begins long before z = 0.5.
Based on the three following argume ts, we define the
formation time of a corona to be around z = 1: 1) the
intermediate lay r of the temperature profile develops
a local max mum, in icating a development of a pro-
nounced localized h t bubble of gas (Figure 5); 2) the
warm gas density gets depleted and transformed into a
hotter phase around this time (Figure 6); 3) the cumu-
l tive hot g s profile flatte s, indic ting hot gas confine-
ment (Figure 7).
3.2. Origin of coronae
A hot coron forms because the intermediate layer of
gaseo s halo accumulates energy at 0.1-0.7 rvir. This
gradual heating pr gresses throughout the lifetime of a
halo but becomes e↵ective after z = 1. As discussed
in the introduction, heating may occur through various
channels. In the s andard picture, the ho X-ray emit-
ting gas originates mostly from shocks. H reunder, we
test this scenario by identifying crucial processes which
build up a hot corona, and in turn determine whether
coronae are built inside-out or outside-in.
Similarly to the previous section, we break down
gaseous halo into cold gas (T < 3 ⇥ 104 K), warm gas
(3 ⇥ 104K < T < 105K), warm-hot gas (T = 105 6K)
and hot gas (T > 106K). We me ure the mass-weighted
energy rates of sup rnovae released to these various
phases, as well as their cooling rates, and present them
in the first panel of Figur 8. We note that these cooling
rates entail both radiative (line) cooling and adiabatic
cooling (due to expansion). Each measurement is done
within a virial radius of a halo at a given r dshift. The
particles receiving most of the supernovae (SN) energy
in Eris and Venus manage to cool e ciently down to
T < 3 ⇥ 104 K (cold phase). Most SN energy of E2k
that is released remains in a hot phase, w ich is another
manifestation f much stronger feedback. As expected
(a d shown in Figure 8), gas at this temperature cools
least e ciently, alt ough at a higher rate han the hot
gas of Eris or Venus, possibly du to the presence of
metal line cooling.
T e second phase of gas sustained by the SN feedback
(consequently in all 3 run ) undergoes cooling down to
T = 105 6 K (w rm-hot phase), although in Venus both
hot and w rm-hot phases are heated at a similar rate af-
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warm-hot gas. The fact that it happens a larger radii
suggests that heating of a bulk of gas is foll wed by its
expansion. This phe omenon bec most evident af-
ter z = 2.
The bottom panel of Figure 6 sh ws changes in density
of hot and all gas s a func io of time. Altho gh t tal
gas density profil s are very similar between the runs,
there are noticable di↵erences i th evolution of hot
gas, and in p rticular in the strong feedback cas . The
core (r/rvir < 0.05) of E2k gradually grows in hot g s
mass, of Venus – shrinks and grows interm ttently, and
of Eris – consecutively decreases. All these distributions,
however, share on common f ature, i.e. a dev l pm n
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The build-up of hot gas mass is shown in Fi ure 7 a d
set against the growth of wa m-hot and to al gas reser-
voirs for a comparison. One can immediately see th
the total gas frac ions of 3 runs show little ev lutio .
Moreover, the warm-hot gas is always more abundant
than the ho gas. The warm-hot rese voir is smoothly
increasing in mas , in cont t to the hot gas reservoir
which oscillates in mass, and develops a flat sh pe at
large radii by z = 1. This early flattening evidences
that the finite extent of th hot gas (a coron ) argued
in Paper I begins long fore z = 0.5.
Based on the three following arguments, we define the
formation time of a corona o be around z = 1: 1) the
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a local maximum, indicating a developme t of a pro-
nounced localized hot bubbl of g s (Figure 5); 2) the
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lative hot gas profile flat ens, indicating hot gas confi e-
ment (Figure 7).
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A hot corona forms bec use the intermediate l yer of
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cooling (due t expansion). Each measurement is done
within a virial radius of lo at a given redshift. The
particles receiving most of th supernova (SN) energy
in Eris and Venu manag to cool e ciently down to
T < 3 ⇥ 104 K (cold phase). Most SN energy of E2k
that is released remains in a hot phase, which is anot er
manifestation of much str nger feedback. As expect d
(and shown in Figure 8), ga at this temperature cools
least e ciently, although at a igher rate than the ho
gas of Eris or Venus, po sibly due to the pr sence of
metal line cooling.
The second p ase of gas sustained by th SN feedback
(consequently i all 3 runs) undergoe cooling down to
T = 105 6 K (warm-hot phase), although in Venus both
hot and warm-hot phases are heated at a similar rate af-
z=3.42 z=3.26 z=2.99
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redshift in order to disentangle the true evolution from the cosmological one.
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Figure 7: Radial distribution of cumulative mass and its evolution with redshift. Top solid lines denote all gas,
whereas the bottom solid and dashed lines denote the warm-hot and hot components of gas, respectively. Quantities
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ter z = 2. Note that, although the ratio of SN energy
rates of hot to warm-hot gas is a factor of a few, their
cooling rates are separated by about 2 orders of magni-
tude.
In the ideal scenario, one should compare the energy
rates of shock heating and SN heating, in order to assess
their relevance and determine the key mechanism in the
formation of a corona. In practice, however, there is no
possibility to retrieve the exact energy rates of shock
heating in post-processing, therefore in what follows, we
use indirect methods in this assessment.
In the lower panel of Figure 8, we compare the SN
energy rates with an SPH tracer of shocks, the artifi-
cial viscosity (AV). Although it does not give us a real
quantification of shock heating, it enables us to draw a
qualitative picture of how shock heating operates and
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Figure 5: Radial distribution of mperatur normalized to the vi al t mp rature of the halo at a given z. The vertical
line repr sents th ext of th disk at z = 0. Left to right: Eris, E2k, Venu .
warm- ot gas. The fact that it hap ns larger radii
sug sts that heating of bulk of gas is foll wed by its
expansion. This phe omenon bec es most evident af-
ter z = 2.
The bottom panel of Figure 6 shows changes in density
of hot and all gas as a function of time. Although total
gas density profiles are very similar between the runs,
there are noticable di↵erences in the evolution of hot
gas, and in particular in the strong feedback case. The
core (r/rvir < 0.05) of E2k gradually grows in hot gas
mass, of Venus – shrinks and grows intermittently, and
of Eris – consecutively decreases. All these distributions,
however, share one common feature, i.e. a development
of a sharp drop-o↵ in density at large radii after z = 2.
The build-up of hot gas mass is shown in Figure 7 and
set against the growth of warm-hot and total gas reser-
voirs for a comparison. One can immediately see that
the total gas fractions of 3 runs show little evolution.
Moreover, the warm-hot gas is always more abundant
than the hot gas. The warm-hot reservoir is smoothly
increasing in mass, in contast to the hot gas reservoir
which oscillates in mass, and develops a flat shape at
large radii by z = 1. This early flattening evidences
that the finite extent of the hot gas (a corona) argued
in Paper I begins long before z = 0.5.
Based on the three following arguments, we define the
formation time of a corona to be around z = 1: 1) the
intermediate layer of the temperature profile develops
a local maximum, indicating a development of a pro-
nounced localized hot bubble of gas (Figure 5); 2) the
warm gas density gets depleted and transformed into a
hotter phase around this time (Figure 6); 3) the cumu-
lative hot gas profile flattens, indicating hot gas confine-
ment (Figure 7).
3.2. O igin of coronae
A hot corona forms because the intermediat lay r of
a gaseous halo accumulates energy at 0.1-0.7 rvir. This
gradual heating progresses throu hout the lifetime of a
hal but b om s e↵ective after z = 1. As discussed
in the i troduction, heating may occur through various
chan els. In the standard picture, the hot X-ray emit-
ting gas originates ostly from shocks. Hereunder, we
test this scenario by identifying crucial processes which
build up a hot corona, and in turn determine whether
coronae are built inside-out or outside-in.
Similarly to the previous section, we break down
gas ous halo into cold gas (T < 3 ⇥ 104 K), warm gas
(3 ⇥ 104K < T < 105K), warm-hot gas (T = 105 6K)
and hot gas (T > 106K). We measure the mass-weighted
energy rates of supernovae released to these various
phases, as well as their cooling rates, and present them
in the first panel of Figure 8. We note that these cooling
rates entail both radiative (line) cooling and adiabatic
c oling (due to expansion). Each measurement is done
with n a virial radius of a halo at a given redshift. The
particles receiving most of the supernovae (SN) energy
in Eris and Venus manage to cool e ciently down to
T < 3 ⇥ 104 K (cold phase). Most SN energy of E2k
that is released remains in a hot phase, which is another
manifestation of much stronger feedback. As expected
(and shown in Figure 8), gas at this temperature cools
l ast e ciently, although at a higher rate than the hot
gas f Eris or Venus, possibly due to the presence of
me al line cooling.
The second phase of gas sustained by the SN feedback
(consequently in all 3 runs) undergoes cooling down to
T = 105 6 K (warm-hot phase), although in Venus both
hot and warm-hot phases are heated at a similar rate af-
6 Soko lowska et al.
10 2 10 1 100
r/rvir(z)
10 1
100
101
T
/T
vi
r(
z)
z 5
z 4
3
z=2
z=1
z=0.5
z=0.2
Eris
2 10 1 0
r/rvir(z)
10 1
100
101
T
/T
vi
r(
z)
z=5
z=4
z=3
z=2
z=1
z=0.5
z=0.2
10 2  1 0
r/rvir(z)
10 1
100
101
T
/T
vi
r(
z)
z=5
z=4
z=3
z=2
z=1
z=0.5
z=0.2
10 2  1 100
r/rvir(z)
10 1
10
101
T
/T
vi
r(
z)
z=5
z=4
z=3
z=2
z=1
z=0.5
z=0.2
Eris E2k Venus
10 2 10 1 0
/rvir(z)
10 1
100
101
T
/T
vi
r(
z)
z=5
z=4
z=3
z=2
z=1
z=0.5
z=0.2
10 2 10 1 0
/rvir(z)
10 1
100
101
T
/T
vi
r(
z)
z=5
z=4
z=3
z=2
z=1
z=0.5
z=0.2
10 2 10 1 100
r/rvir(z)
10 1
100
101
T
/T
vi
r(
z)
z=5
z=4
z=3
z=2
z=1
z=0.5
z=0.2
Eris E2k Venus
10 2 10 1 100
r/rvir(z)
10 1
100
101
T
/T
vi
r(
z)
E2k
10 2 10 1 00
r/rvir(z)
10 1
100
101
T
/T
vi
r(
z)
z=5
z=4
z=3
z=2
z=1
z=0.5
z=0.2
Venus
Figure 5: Radial dist ibution of temper ture n rmalized to he vi l temperature of he halo at a gi n z. The vertical
line repr sents the extent of he disk at z = 0. Left to right: Eris, E2k, Venus.
warm- ot g s. The fact that it h p ns at larger radii
sug sts that heating bulk f gas is followed by its
expa sion. This phenomenon becomes most evident af-
ter z = 2.
The bott m panel of Figur 6 shows cha ges in density
of hot and ll gas as a function of time. Al hough total
gas den ity profil are very similar b tween the runs,
th r are noticabl di↵erences in the evolution of hot
gas, and in particular i th strong fe dback case. The
core (r/rvir < 0.05) of E2k gradually grow in hot gas
ma s, of Ve us – shrink a d grows i termittently, and
of Eris – cons utiv ly decrea s. All these distributions,
owever, share one common fe ture, i.e. a development
of a sharp drop-o↵ in density at large radii after z = 2.
The build-up of hot gas mass is shown in Figure 7 and
set a ainst the growt of warm-hot nd total gas reser-
voirs for a co pariso . On c n immediately see that
the total gas ractions of 3 runs show l ttle evolution.
Moreover, the war -hot gas is always more abundant
than the ot g s. The warm-hot reservoir is smoothly
i cre ing in mas , in contast to th hot gas reservoir
which oscillates in mass, and develops a flat shape at
large radii by z = 1. This early flattening evidences
that th finite exten of the h t g s (a corona) argued
in Paper I begins long before z = 0.5.
Based on the three following argume ts, we define the
formation time of a corona to be around z = 1: 1) the
intermediate lay r of the temperature profile develops
a local max mum, in icating a development of a pro-
nounced localized h t bubble of gas (Figure 5); 2) the
warm gas density gets depleted and transformed into a
hotter phase around this time (Figure 6); 3) the cumu-
l tive hot g s profile flatte s, indic ting hot gas confine-
ment (Figure 7).
3.2. Orig n of coronae
A hot coron forms becaus the intermediate layer of
gaseo s halo accumulates energy at 0 1-0.7 rvir. This
gradual heating pr gresses throughout the lifetime of a
hal but becom s e↵ective after z = 1. As discussed
in the introdu tion, heating may occur through various
chan ls. In the s andard picture, the ho X-ray emit-
ting gas originates ostly from shocks. H r under, we
test this scenario by identifying crucial processes which
build up a hot corona, an in tur determine whether
coronae are built i side-out or outside-in.
Similarly to the previous section, we break down
gaseous halo into cold gas (T < 3 ⇥ 104 K), warm gas
(3 ⇥ 104K < T < 105K), warm-hot gas (T = 105 6K)
and hot gas (T > 106K). We me ure the mass-weighted
energy rates of sup rnovae released to these various
phases, as well as their cooling rates, and present them
in the first panel of Figur 8. We note that these cooling
rates entail both radiative (line) cooling and adiabatic
cooling (due to expansion). Each measurement is done
within a virial radius of a halo at a given r dshift. The
particles receiving most of the supernovae (SN) energy
in Eris and Venus manage to cool e ciently down to
T < 3 ⇥ 104 K (cold phase). Most SN energy of E2k
that is released remains in a hot phase, w ich is another
manifestation f much stronger feedback. As expected
(a d shown in Figure 8), gas at this temperature cools
least e ciently, alt ough at a higher rate han the hot
gas of Eris or Venus, possibly du to the presence of
metal line cooling.
T e second phase of gas sustained by the SN feedback
(consequently in all 3 run ) undergoes cooling down to
T = 105 6 K (w rm-hot phase), although in Venus both
hot and w rm-hot phases are heated at a similar rate af-
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Figure 5: Radial distribut on of emperature normalized to th virial te perature f the h o at a given z. The rtic l
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warm-hot gas. The fact that it h p ens a l rger radii
sug ests that heating of a bulk of gas is foll wed by its
expansion. This phe omeno bec most evident af-
ter z = 2.
The bottom pan l of Figure 6 sh ws changes in density
of hot and all gas s a func io of time. Alth gh t tal
gas density profil s are very similar between the runs,
there are noticable di↵erences i th evolution of hot
gas, and in p rticular in the strong feedback cas . The
core (r/rvir < 0.05) of E2k gradually grows in hot g s
mass, of Venus – shrinks and grows interm ttently, and
of Eris – consecutively decreases. All these distributions,
however, share on common f ature, i.e. a dev l pm n
of a sharp drop-o↵ in density at la ge radii after z = 2.
The build-up of hot gas mass is shown in Fi ure 7 a d
set against the growth of wa m-hot and to al gas reser-
voirs for a comparison. One can immediately see th
the total gas frac ions of 3 runs show little ev lutio .
Moreover, the warm-hot gas is always more abundant
than the ho gas. The warm-hot rese voir is smoothly
increasing in mas , in cont t to the hot gas reservoir
which oscillates in mass, and develops a flat sh pe at
large radii by z = 1. This early flattening evidences
that the finite extent of th hot gas (a coron ) argued
in Paper I begins long fore z = 0.5.
Based on the three following arguments, we define the
formation time of a corona o be around z = 1: 1) the
intermediate layer of he temperature pr file develo s
a local maximum, indicating a developme t of a pro-
nounced localized hot bubbl of g s (Figure 5); 2) the
warm gas density ets depleted an transformed into a
hotter phase around t is ime (Figure 6); 3) the cumu-
lative hot gas profile flat ens, indicating hot gas confi e-
ment (Figure 7).
3.2. Origin of coronae
A hot corona forms bec use the intermediat l y of
a gaseous h lo accumul tes nergy t 0.1-0.7 rvir. This
gradual heating progresses th u hout e lifetime of a
halo but becomes e↵ective aft r z = 1. As d scussed
in the introduction, heati g may ccur through various
chan els. In t e standard pic ure, the hot X-ray emi -
ting gas orig ates mostly from shocks. Hereunder, w
test this scenario by id tifying crucial processes which
build up a hot coron , and in turn dete mine whether
coronae are built insid - t or outside-in.
Similarly to the previous section, w break do n
gaseous halo int cold (T < 3 ⇥ 104 K), w rm gas
(3 ⇥ 104K < T < 105K), warm-hot gas (T = 105 6K)
and hot gas (T > 106K). We measure the m ss-weighted
energy rates of supernovae released to these rious
phases, as well s their cooling rates, and pres nt them
in the first panel of Figure 8. We not that these cooling
rates ntail both radiative (li e) cooling nd adiabatic
c ling (due t expansion). Each measurement is done
within a virial radius of lo at a given redshift. The
particles receiving most of th supernova (SN) energy
in Eris and Venu manag to cool e ciently down to
T < 3 ⇥ 104 K (cold phase). Most SN energy of E2k
that is released remains in a hot phase, which is anot er
manif station of much str nger feedback. As expect d
(and shown in Figure 8), ga at this temperature cools
least e ciently, although at a igher rate than the ho
gas f Eris or Venus, po sibly due to the pr sence of
metal line cooling.
The second p se of gas sustained by th SN feedback
(consequently i all 3 runs) undergoe cooling down to
T = 105 6 K (warm-hot phase), although in Venus both
hot and warm-hot phases are heated at a similar rate af-
z=3.42 z=3.26 z=2.99
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Figure 6: Radial distr b tion of gas den ity normalized to the critical density of the univers at a given z. Top. The
density of the warm gas (dashed) and warm-hot gas (soli ). Down. The density of the total (dashed) and hot (solid)
gas. Left to right: Eris, E2k, Venus. The mass density is normalized to the critical density of the univers at a given
redshift in order to disentangle the true evolution from the cosmological one.
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Figure 7: Radial distribution of cumulative mass and its evolution with redshift. Top solid lines denote all gas,
whereas the bottom solid and dashed lines denote the warm-hot and hot components of gas, respectively. Quantities
are normalized to the virial ass and virial radius of the galaxy at a given redshift. Left to right: Eris, E2k, Venus.
ter z = 2. Note that, although the ratio of SN energy
rates of hot to warm-hot gas is a factor of a few, their
cooling rates are separated by about 2 orders of magni-
tude.
In the ideal scenario, one should compare the energy
rates of shock heating and SN heating, in order to assess
their relevance and determine the key mechanism in the
formation of a corona. In practice, however, there is no
possibility to retrieve the exact energy rates of shock
heating in post-processing, therefore in what follows, we
use indirect methods in this assessment.
In the lower panel of Figure 8, we compare the SN
energy rates with an SPH tracer of shocks, the artifi-
cial viscosity (AV). Although it does not give us a real
quantification of shock heating, it enables us to draw a
qualitative picture of how shock heating operates and
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warm-hot gas. T e fac that it h ppens at l rger radii
suggests that e ting of bulk o as is foll wed by its
expans o . This he omeno bec mes mos evid nt af-
ter z = 2.
The bottom panel of Figure 6 shows changes in de sity
of h t and all g s as function of time. Al hough total
gas density p ofil s are very similar between the uns,
there a noticable di↵erences in the ev luti f hot
gas, and i particul r in the s rong feedback case. The
core ( /rvir < 0.05) of E2k gradu lly grows in hot gas
mass, of Venus – hrinks and grows intermitten ly, and
of Eris – consecutiv ly decreases. All these distributions,
howev r, share on common feature, i. . a d velopment
of a sh rp drop-o↵ in de sity at large radii after z = 2.
The build-up of t gas mass is shown in Figure 7 a d
set against the growth of warm-hot and total gas res r-
voirs for a comparison. One can immediately see that
the total gas fracti ns of 3 runs show little evolutio .
Moreover, the warm-hot gas is always more abundan
than the hot gas. T e warm-hot reservoir is smoothly
increasing in mass, in contast to the hot gas reservoir
which oscillates in mass, and develops a flat shape at
large radii by z = 1. This early flattening evidences
that the finite extent of the hot gas (a corona) argued
in Paper I begins long before z = 0.5.
Based on the three following arguments, we define the
formation time of a corona to be around z = 1: 1) the
intermediate layer of the temperature profile develops
a local aximum, indicating a development of a pro-
nounced localized hot bubble of gas (Figure 5); 2) the
warm gas density gets depleted and transformed into a
hotter phase around this time (Figure 6); 3) the cumu-
lative hot gas profile flattens, indicating hot gas confine-
ment (Figure 7).
3.2. Origin of c r nae
A hot c rona forms because th interm diat lay r of
a gaseous halo ccumulates energy at 0.1- 7 rvir. This
gradu l heatin progress s throughout th li time of a
halo but b comes e↵ectiv aft r z = 1. A iscussed
in the introductio , he ting may occur th ough various
cha nels. In the stand picture, the ot X-ray emit-
ting gas originates mostly from hocks. Hereunder, we
test this scenario b identifying crucial processes which
build up a hot c rona, and in turn determ whet r
coronae ar built inside-out or out i in.
Similarly to the previous section, we break down
gaseous hal into c ld g s (T < 3 ⇥ 104 K), warm gas
(3 ⇥ 104K < T < 105K), warm-hot gas (T = 105 6K)
and hot gas (T > 106K). We measure the mass-weighted
energy rates of supernovae released to these various
phases, as well as their cooling rates, a d present them
in the first panel of Figure 8. We note that these c oling
rates entail both radiative (line) cooling and adiabatic
cooling (due to expansion). Each easurement is done
within a virial radius of a halo at a given redshift. The
particles receiving most of the supernovae (SN) energy
in Eris and Venus manage to cool e ciently down to
T < 3 ⇥ 104 K (cold phase). Most SN energy of E2k
that is released remains in a hot phase, which is another
manifestation of much stronger feedback. As expected
(and shown in Figure 8), gas at this temperature cools
least e ciently, although at a higher rate than the hot
gas of Eris or Venus, possibly due to the presence of
metal line cooling.
The second phase of gas sustained by the SN feedback
(consequently in all 3 runs) undergoes cooling down to
T = 105 6 K (warm-hot phase), although in Venus both
hot and warm-hot phases are heated at a similar rate af-
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warm- ot gas. Th fact that it happ ns at l rger adii
sugg sts that eating of bulk of gas is foll wed by its
expansio . This phenom no becomes most evident af-
ter z = 2.
The bottom panel of Figure 6 shows change in de sity
of h t and ll gas as a func ion of time. Although t tal
gas den ity profile are very similar betw en the ru s,
there a noticabl di↵erences in the evoluti n f hot
g s, and i p rticular in th strong fe dback case. The
core ( /rvir < 0.05) of E2k gradu lly grow in hot gas
ma s, of Venus – hrink a d grows intermitten ly, and
of Eris – cons utiv ly decrea s. All these distributions,
owever, share on common fe ture, i. . a development
of a sh rp drop-o↵ in ensity at l rge radii after z = 2.
The build-up of h t gas mass is shown in Figure 7 and
set a ainst the gro t of warm-hot nd total s reser-
voirs for a compariso . On c n immediately ee that
the total gas ractions of 3 runs show l ttle evolu io .
Moreover, the arm-hot gas is always more abu dant
than the hot g s. The warm-hot reservoir is smoothly
i cre ing in mas , in contast to th hot gas reser oir
which oscillates in mass, and develops a flat shape at
large radii by z = 1. This early flatteni g evidences
that th finite exten of the h t g s (a corona) argued
in Paper I begins long before z = 0.5.
Based on the three following argume ts, we define he
formation time of a corona to be around z = 1: 1) the
intermediate lay r of the temperature profile d velops
a local max mum, in icating a development of a pro-
nounced localized h t bubble of gas (Figure 5); 2) the
warm gas density gets depleted and transformed int a
hotter phase around this time (Figure 6); 3) the c mu-
l tive hot g s profile flatte s, indic ting hot gas confine-
ment (Figure 7).
3.2. Origin of c r nae
A hot c r n for s because th intermediate layer of
gaseo s halo ccumulates energy at 0.1- .7 rvir. This
gradu l heating pr gr sses throughout th li et me of a
halo but b comes e↵ective after z = 1. A iscu sed
in the introductio , he ting may occur through various
cha nels. In the s and picture, the o X-ray emit-
ting gas riginates mostly from shocks. H reunder, we
test this scenario by identifying cru ial processes which
build up a hot c rona, and in turn determine whet r
coronae ar built inside-out or outside-in.
Similarly to the previous section, we break down
gaseous halo into cold gas (T < 3 ⇥ 104 K), warm gas
(3 ⇥ 104K < T < 105K), warm-hot gas (T = 105 6K)
and hot gas (T > 106K). We me ure the mass-weighted
energy rates of sup rnovae released to these various
phases, as well as their cooling rates, and present them
in the first panel of Figur 8. We note that these cooling
rates entail both radiative (line) cooling and adiabatic
cooling (due to expansion). Each easurement is done
within a virial radius of a halo at a given r dshift. The
particles receiving most of the supernovae (SN) energy
in Eris and Venus manage to cool e ciently down to
T < 3 ⇥ 104 K (cold phase). Most SN energy of E2k
that is released remains in a hot phase, w ich is another
manifestation f much stronger feedback. As expected
(a d shown in Figure 8), gas at this temperature cools
least e ciently, alt ough at a higher rate han the hot
gas of Eris or Venus, possibly du to the presence of
metal line cooling.
T e second phase of gas sustained by the SN feedback
(consequently in all 3 run ) undergoes cooling down to
T = 105 6 K (w rm-hot phase), although in Venus both
hot and w rm-hot phases are heated at a similar rate af-
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warm-hot gas. The fact th t it happens l rger radii
suggests that eating of a bulk of as is foll wed by it
expansio . This he omenon bec most evid nt af-
ter z = 2.
The bottom panel of Figure 6 sh ws chang s in de ity
of h t and all g s s a func io of time. Al ho gh t tal
gas density profil s are very similar between th runs,
there a noticable di↵ renc s i th volution f h t
gas, and i p rticular in the strong feedback cas . The
core (r/rvir < 0.05) of E2k gradu lly grows in hot g s
mass, of Venus – shrinks and grows i term tten ly,
of Eris – consecutively de reases. All these distributions,
however, share on common f atu e, i. . a d v l p
of a sh rp drop-o↵ in de sity at l ge adii after z = 2.
The build-up of h t gas mass is shown in Fi ure 7 a d
set against the growth of wa m-hot and to al gas reser-
voirs for a comparison. One can immediately see th
the total gas frac ions of 3 runs show little ev lutio .
Moreover, the warm-hot gas is always more abundant
than the ho gas. The warm-hot rese voir is smoothly
increasing in mas , in cont t to the hot gas reservoir
which oscillates in mass, and develops a flat sh pe at
large radii by z = 1. This early flattening evidences
that the finite extent of th hot gas (a coron ) argued
in Paper I begins long fore z = 0.5.
Based on the three following arguments, we define the
formation time of a corona o be around z = 1: 1) the
intermediate layer of he temperature pr file develo s
a local maximum, indicating a developme t of a pro-
nounced localized hot bubbl of g s (Figure 5); 2) the
warm gas density ets depleted an transformed into a
hotter phase around t is ime (Figure 6); 3) the cumu-
lative hot gas profile flat ens, indicating hot gas confi e-
ment (Figure 7).
3.2. Origin of c r nae
A hot c rona forms bec use th interm diate l yer of
a gaseous h lo ccumul tes nergy t 0.1- 7 rvir. This
gradu l heating progress s h ughout e lif time of a
halo but becomes e↵ec iv ft r z = 1. As d uss d
in the introduction, hea ing may ccur th ough v r ous
channels. In the sta d r pic ure, the hot X-ray emi -
ting gas orig ates mo tly from shock . Hereunder, w
test this scenario by id tifying crucial p ocesses wh ch
build up a hot c ron , and in t n dete mi e whet er
coronae ar built inside- t or outsid -in.
Similarly to the previous section, w break down
gaseous halo int c ld (T < 3 ⇥ 104 K), w rm gas
(3 ⇥ 104K < T < 105K), warm-hot gas (T = 105 6K)
and hot gas (T > 106K). We measure the m ss-weighted
energy rates of supernovae released to these rious
phases, as well as their cooling rates, and pres nt them
in the first panel of Figure 8. We not that these cooling
rates entail both radiative (li e) cooling nd adiabatic
cooling (due t expansion). Each measurement is done
within a virial radius of lo at a given re shift. T e
particles receiving most of th supernova (SN) energy
in Eris and Venu manag to cool e ciently down to
T < 3 ⇥ 104 K (cold phase). Most SN energy of E2k
that is released remains in a hot phase, which is anot er
manifestation of much str nger feedback. As expect d
(and shown in Figure 8), ga at this temperature cools
least e ciently, although at a igher rate than the ho
gas of Eris or Venus, po sibly due to the pr sence of
metal line cooling.
The second p ase of gas sustained by th SN feedback
(consequently i all 3 runs) undergoe cooling down to
T = 105 6 K (warm-hot phase), although in Venus both
hot and warm-hot phases are heated at a similar rate af-
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Figure 11. Temperature maps of a gaseous halo at three timesteps, illustrating a typical “blast” in action in case with feedback
(Eris, top row) and without (ErisNFB, bottom row). There is a lot more hot (red) and warm-hot (light green-yellow-orange)
in the simulation with feedback than without, and this gas extends further out. The width of each square is 100 pkpc.
introduce effects that, over time, break the strict spheri-
cal symmetry, the absence of the proper time-dependent
cosmological framework for how gas accr tion proceeds
means that the simulations do not allow for strongly
non-linear spatial asymmetries in the form of mergers
a d filam ntary accretion that arise in a d are k y f a-
tures of realistic hierarchical cosmic structure formation
simulations, nor do they treat the important effects like
the transition from cold to hot mode, etc. As Figure
13 shows all of these, the different accretion modes and
their associated geometries, the mergers, and the galac-
tic outflows triggered by both mergers and stellar feed-
back, play a pivotal role in the formation and evolution
of MW-like halos a d corresponding symphony (or com-
petition) cannot be neglected even at z = 0.
3.4. Corona and the cold flows
As discussed in the introduction, the galactic halos of
MW-like systems occupy a transition mass scale, prior
to which the halos are exp cted t acquire gas primarily
via the “cold mode” and thereafter via the “hot mode”.
In his pic ure, the ga that enters h halo at early
time , comes in via cold, de se filamentary streams, re-
mains cold, and ends up flowing onto the central galaxy.
As we have demonstrated in this paper, some of this gas
is expelled from the galaxy as a result of supernovae-
powered and merger-induced shock-heating, thus initi-
ating the inside-out formation of an atmosphere of hot
and warm-hot gas in the halo. This happens at an ear-
lier epoch than what was previously established, and in
halo of lower mass than the critical mass of ∼ 1012M,
i.e. before the gaseous halo can be established by purely
gravitational means. The emergence of this atmosphere
sets the stage for a stable accretion shock at the virial
radius. Concurrently, on the supra-galactic scale, the
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Figure 12. Density profiles of warm-hot (top) and hot (bot-
tom) with SN feedback (solid lines) and without (dashed
lines). The density and radius are normalized to the crit-
ical density of the universe and virial radii of halos at the
redshifts under consideration.
cosmic filaments are growing and as their widths be-
come comparable to the sizes of the halos, an increasing
fraction of the gas flows into the halos in quasi-spherical
fashion, shock heating as it encounters the accretion
shock.
There is one outstanding question that we have
touched upon previously but haven’t yet examined and
that is, whether the diffuse gas in the halos and specifi-
cally the outflowing gas expelled from the galaxy affects
the galaxy-filaments connection. We briefly discuss this
connection in this subsection. A detailed analysis will
be presented in a follow-up paper.
During explosive outflow events while the halo is in
the cold mode accretion phase, the gaseous halo can
be thought of as comprising two colliding, shearing and
sometimes turbulent flows: cold dense inflowing fila-
mentary streams and powerful hot/warm-hot outflow-
ing wind. The wind generally follows the path of least
resistance and streams around and often perpendicular
to the filaments. However, in the inner halo, two oppos-
ing flows do interact strongly and exchange energy and
momentum.
To illustrate what happens at these times, we show
in Figure 13 snapshots of pwh/pcf at four different red-
shifts. Here, pwh is the total pressure (i.e., the sum of
thermal pressure, pth = ρkT/µmp, and ram pressure,
pram = ρv
2
r/2) of the T > 10
5 K gas, and pcf is the to-
tal pressure of the cold inflowing gas, defined as gas with
temperatures T < 105 K and ~v ·~r < 0. In Figure 13, blue
regions correspond to the inflowing streams and red to
hot outflowing wind streaming out of the galaxy.
In the absence of powerful outflows, the disk in Eris is
fed by two dominant, oppositely oriented, streams that
drill their way to the center of the halo and connect
smoothly to the disk. In Venus, the disk is bombarded
by clumps of cold gas from all directions, reflecting the
active merging history of this run. Eventually, the inflow
in Venus settles down into the same pattern as Eris;
however, this happens at z ≈ 1.5 so we will concentrate
on Eris.
At early times (i.e. z & 2), the outflows have a rela-
tively limited impact on the filaments. Looking closely
at the center of the z = 3 and 2 panels, we observe that
the blue streams, which ordinarily would converge and
terminate on the central galaxy, have been disrupted.
The ram pressure of the outflowing wind causes the
mouths of the streams to broaden and break-up into thin
rivulets. However, this delta-like feature remains rela-
tively close to the disk. And, once the winds wane, the
steady inflow of cold gas along the streams re-establish
the filaments within the inner halo, which then reattach
to the central galaxy. However, as the filamentary flow
begins to weaken, the total pressure of the outflows are
not only able to cause the streams’ mouths to fray and
broaden, but disconnect them from the galaxy and push
the mouths away to increasingly larger radii. In effect,
the winds accelerate the destruction of the streams.
In Figure 14, we compare qualitatively the location
and the structure of the filaments in Eris and Eris-
NFB at five snapshots at redshifts 2 . z . 4 to gauge
specifically the impact of SNe-powered outflows. The
panels show the temperature maps of the gas in a face-on
view of the central galaxy, with Eris results presented in
the top row and ErisNFB results from the same epochs
juxtaposed in the bottom row. The width of each square
is 500 comoving Mpc.
Looking first at Eris results (top row), we note that
intially the cold streams easily reach and feed the galac-
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Figure 13. Snapshots of the ratio of the total pressure (i.e. the sum of ram and thermal pressure) of the > 105 K gas to the
total pressure of the < 105 K inflowing gas, at two redshifts when the cold mode accretion is dominant (two left panels) and at
two redshifts when the hot mode acceleration is ascendant (two right panels). The width of each square is 1 pMpc.
a) b) c) d) e)
Figure 14. Temperature maps of Eris (top row) and ErisNFB (bottom row) between z ∼ 4 and z ∼ 2 comparing the change
in the location (lines, columns b, d and e) and structure (circles, columns a and c) of the filaments with and without feedback.
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tic disk of Eris (panel a). Powerful outflows fray the
mouths of the streams and push them back, often de-
taching them for extended periods of time from the
galaxy (in panel b, the push-back region is marked by
the two dashed lines). Frequently, the filaments manage
to maintain connection with the galaxies via many small
rivulets (c) but as the coherence of the streams progres-
sively weakens, they are more easily detached from the
galaxy (d, e).
The outflows in ErisNFB (lower panels) act somewhat
similarly but in this instance, are merger-related and
are much weaker. Consequently, they don’t affect the
filaments as strongly as in Eris. Comparing the top and
bottom panels in columns b, d and e, we find that the
outflows engendered by mergers and feedback acting in
concert (top row) are able to push the mouths of the
filaments back further. Also, the merger+feedback-fed
outflows and the coronal gas start to heat and strip the
filaments as early as z = 3.83 (see circles in columns a
and c).
In effect, feedback not only helps maintain a larger
mass of gas in the hot corona and the warm-hot at-
mosphere, it erodes the cold flows more effectively and
accelerates the breakdown of the direct connection be-
tween the streams and the central galaxy. This in turn
contributes to the regulation and quenching of star for-
mation in the central galaxies. In effect, our results sug-
gest that although SNe-powered outflows are categorized
as ejective feedback (i.e. star formation is quenched by
expelling the fuel for star formation), in practice they
also act to strangle the galaxy by choking off its supply
of fresh gas. In other words, SNe-powered outflows act
both as ejective and preventive feedback.
The above result raises questions about the kinetic
“decoupled winds” approach (e.g. Springel & Hernquist
2003; Oppenheimer & Dave´ 2006; 2008; Vogelsberger
et al. 2013; Liang et al. 2016; Dave´ et al. 2016; Pillepich
et al. 2018) to modeling stellar feedback. As imple-
mented at the present, this approach is not designed to
act in a preventative capacity along the lines described
above. As such, one would expect that the feedback
scheme likely needs to be super-ejective to achieve the
same results. We will return to this issue in future work.
3.5. Eris2k
As mentioned in Section 2, Eris and ErisNFB are
part of a larger suite of simulations carried out using
identical initial conditions where we experiment with
the modeling details of the various sub-grid physical
phenomena, including star formation, cooling and feed-
back, in order to see if we can successfully reproduce
the observed stellar mass–halo mass relationship across
a range of redshifts (Behroozi et al. 2013; Moster et al.
2018) while still ending up with a late-time spiral galaxy
that matches the Milky Way as well as Eris. Here, we
briefly discuss the Eris2k simulation. As described in
Section 2, the key defining features of Eris2k are (i)
metal diffusion, (ii) the introduction of the metal-line
cooling channel for the T > 104 K gas, (ii) more effi-
cient cooling of T < 104 K gas, and (iv) boosted SNe
feedback (Shen et al. 2012; 2013; Soko lowska et al. 2016;
2017).
Metal-line cooling in Eris2k is computed via tables
generated using cloudy (Ferland et al. 1998) under the
assumption that the metals are in ionization equilibrium
(Shen et al. 2010) in the presence of an updated cos-
mic ionizing background (Haardt & Madau 2012). One
could argue that the lack of metal-line cooling in Eris is
not self-consistent since the very SNe-powered outflows
that appear to play a crucial role in the early assembly
and evolution of the gaseous corona also continuously
introduce metals into the warm-hot and hot CGM. A
number of studies (e.g. van de Voort et al. 2011) have
shown that the increased efficiency of cooling associated
with metal-line radiation results not only in cooler tem-
peratures for the halo gas but also in an increased de-
position of gas onto the galaxy. In fact, in the absence
of any counteracting mechanism, metal-line cooling can
lead to unrealistically high stellar mass.
Additionally, as mentioned in Section 3.1, enhanced
cooling also leads to a higher halo mass threshold at
which the accretion onto the halos transition from pre-
dominantly cold to predominantly hot mode (and can
sustain a stable virial shock; c.f. Figure 3). van de Voort
et al. (2011), who allow for both self-consistent enrich-
ment of the gas and metal cooling in their simulations,
find the threshold mass ranges from 1.6 × 1012 M at
z ≈ 3 to 1 × 1012 M at z ≈ 2, to 7 × 1011 M at
z ≈ 0. Given their identical mass accretion history, the
Eris suite of simulations (i.e. Eris, ErisNFB, Eris2k,
etc.) cross this higher mass threshold at z ≈ 0.3.
The recipes for star formation and SNe feedback in
Eris2k are the same as in Eris and ErisNFB ; however,
there are some differences in the values of some of the
controlling parameters. For instance, the star formation
threshold nSF in Eris2k is set at 100 atoms cm
−3; the
maximum temperature of a particle allowed to partici-
pate in star formation is Tmax = 1 × 104 K; supernova
efficiency parameter is increased to SN = 1.0; and the
stellar initial mass function is updated to Kroupa (2001)
(see Table 1 in Section 2 for an overview of the differ-
ences between Eris and Eris2k).
The strength of feedback depends on the number of
SNe produced, which in turn is governed globally by the
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IMF and locally by the star formation density threshold.
The revised IMF yields about a factor of 2.8 more SNe
for the same star formation rate. Moreover, as explained
in detail in Guedes et al. (2011) and Mayer (2012), the
local star formation rate, and thus the local impact of
SNe, can be boosted significantly by raising the star
formation density threshold and allowing the ISM to
become more inhomogeneous, an effect that saturates
only at very high resolution and density thresholds, well
above those resolvable in the current generation of cos-
mological simulations (Hopkins et al. 2012).
In Eris2k, SNe feedback is boosted both globally and
locally using parameters that were chosen to achieve
realistic stellar masses in accordance with abundance
matching at high and low redshift. And indeed, owing
to a more effective squelching of star formation at early
times, the simulation yields a much better agreement to
the Behroozi et al. (2013) stellar mass–halo mass rela-
tionship than Eris and its other variants up to z ∼ 0.5.
The stellar mass at earlier epochs is lower than in Eris.
At low redshifts, however, Eris2k deviates significantly
from Eris and the corresponding galactic system is a
much less faithful replica of a Milky Way-like late type
spiral (Soko lowska et al. 2017).
In the top panel of Figure 15, we juxtapose the star
formation histories of Eris, Venus, and Eris2k. Eris and
Venus differ at early times. Eris has a much higher
star formation rate until z = 2; thereafter, it drops
steadily over the course of 2 Gyrs and stabilizes at
∼ 1− 2 M/yr. The star formation in Venus rises more
slowly and reaches the peak value later compared to
Eris, and the epoch of high star formation is slightly
longer. This is due to Venus’s late assembly. At late
times, however, the star formation settles at a similar
rate to that in Eris.
The star formation history in Eris2k differs from
Eris at all epochs and in this case, this is due to differ-
ences in how the subgrid physics unfolds in the two sim-
ulations. The boosted feedback in Eris2k successfully
tempers the star formation rate at early times and allows
the system to evolve in sync with abundance matching
expectations by expelling more gas out of the halo and
pushing this gas further away than in Eris (see Table 3
in Paper I: the fraction of baryons within the virial ra-
dius (rvir) and 3rvir is 71% and 91% in Eris, compared
to 67% and 74% in Eris2k). This balance between cool-
ing, star formation and feedback works well until ap-
proximately z ≈ 0.6, after which it breaks down. The
forming galaxy’s deepening potential well increasingly
confines the galactic wind within the halo. In the case
of Eris2k, the metal-line radiative losses accelerate the
cooling of the CGM and the resulting increased flow of
0 2 4 6 8 10 12 14
Time [Gyr]
0
5
10
15
20
SF
R
[M
¯
yr
−1
]
Eris
E2k
Venus
5 4 3 2 1 0
z
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
z
0.0
0.2
0.4
0.6
0.8
1.0
r 8
0/
r v
ir
(z
)
Eris
E2k
Venus
Figure 15. Top panel. The comparison of star forma-
tion histories of Eris, Eris2kand Venus. Note that the run
Eris2kwas stopped after 10 Gyrs of evolution. Bottom panel.
The radius of a hot corona encompassing 80% of its mass as
a function of redshift.
gas onto the galaxy provides fuel for enhanced star for-
mation. Consequently, the already high star formation
rate (compared to both Eris and the Milky Way galaxy)
begins to rise. Overall, Eris2k converts more gas into
stars and this difference is largely due to late-time star
formation: At z = 0.5, the stellar masses in Eris and
Eris2k differ by only 1%. By z = 0.3, Eris2k has 10%
more mass in stars: M∗ = 3.6×1010 M and 4×1010M
in Eris and Eris2k, respectively. And given the rising
star formation rate in Eris2k, we expect the difference
to continue to grow to z = 0.4 Additionally, the galaxy
in Eris2k has a kinematically hotter disk (Soko lowska
et al. 2017) and as discussed in Paper I, the X–ray lu-
minosity of the Eris2k system in the 0.5-2 keV band is
LX = 3 × 1042 erg/s, which is a 100 times higher than
4 We note that the Eris2k simulation had to be stopped at 10
Gyrs due to the exhaustion of computational resources.
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the Eris result as well as the most current estimates for
the Milky Way system.
The bottom panel of Figure 15 illustrates one of the
reasons why the X–ray luminosity of Eris2k is some
much higher. The figure shows the evolution of the ra-
dius encompassing 80% of a hot corona in Eris, Venus,
and Eris2k (c.f. Figure 7). Prior to z = 3, r80 in
Eris and Eris2k evolve in lock-step but after z = 3, the
r80 in Eris2k begins to shrink and drops to half of the
value of r80 in Eris. The reduced size of the corona in
Eris2k is not due to there being less mass. The amount
of gas in the corona at z = 0.5 in the two simulations
differs by only 10%, with the corona in Eris2k being the
more massive of the two (Soko lowska et al. 2016). The
coronal gas distribution in Eris2k is more compact and
the mean gas density is a factor of ∼10 higher. In addi-
tion, as reported in Paper I, the hot corona of Eris2k has
significantly higher metallicity that, even at comparable
densities, results in increased X-ray luminosity via line
emissions as well as boosted bremsstrahlung radiation.
The combination of higher density and higher metallic-
ity explains why the X–ray luminosity of the system is a
factor of 100 larger than in the other simulations. The
enhanced cooling also results in more robust, thicker
cool-gas filaments that are more resilient to disruption.
That Eris2k fails to match the properties of the MW
system (i.e. the galaxy and its gaseous halo) highlights
potential concerns with the current treatment of metal-
line cooling (c.f. Christensen et al. 2014; Tremmel et al.
2018). One possible problem is that metal-line cooling is
computed under the assumption that the ions are in ion-
ization equilibrium, which can lead to an overestimate
of the cooling rate if the ions are not in equilibrium.
(Oppenheimer & Schaye 2013) show the warm-hot com-
ponent of the CGM is most susceptible to this and the
effect is even stronger if the gas is subject to fluctu-
ating ionizing radiation from an active galactic nucleus
(Oppenheimer & Schaye 2013). It is also highly likely
that the lack of heating sources, such as compact X–ray
binaries (Madau & Fragos 2017), cosmic ray heating,
photo-electric heating, etc. in our simulations may also
be a contributing factor. Also, we do not account for
the effects of local ionization radiation, which can also
alter the cooling profile of the CGM. Additionally, Chris-
tensen et al. (2014) — see also Tremmel et al. (2018)
— have shown that the inclusion of metal cooling in
simulations that do not have sufficiently high resolution
to support the proper modeling of molecular hydrogen
physics and the multi-phase structure of the ISM and
the CGM results in over-cooling. In simulations that
attempt to do so, they find that the resulting galaxies
have star formation histories and outflow rates that are
more similar to those in the primordial cooling runs (like
our Eris) than to those that include metal line cooling
but have inadequate resolution (like Eris2k).
In summary, the combination of boosted feedback and
metal cooling, particularly, has a significant impact on
both the evolution of resulting galactic system, includ-
ing the structure of the galactic disk and the corona,
and the ability of SNe-driven shocks to disrupt the cold
filaments feeding the galaxies. However, given the var-
ious concerns about the modeling of metal cooling in
simulations at the present time, it is not clear whether
Eris2k is necessarily a better representation of real-
ity. In fact, running without metal cooling may well be
preferable as the approach appears to better approxi-
mate the dynamics and thermodynamics of gas compo-
nents with moderate to high average densities.
4. CONCLUSIONS
We use a set of 4 hydrodynamical zoom-in simula-
tions of Milky Way-like galactic systems — described
in Section 2 — to study the halo-filling gaseous atmo-
sphere cocooning the central galaxy. We analyzed the
various properties of the gaseous halos in our simulated
systems in Paper I (Soko lowska et al. 2016), and com-
pared these against available observational results for
the Milky Way. In the present paper, we investigate
the mechanisms that contribute to the formation of the
gaseous halo.
The conventional view is that the gaseous atmosphere
arises when the cosmological influx of gas onto a galactic
halo transitions to diffuse quasi-spherical inflow. This
gas is heated to near-virial temperatures by accretion
shocks and in the interior of the halos, is heated further
due to compression as long as radiative cooling is rela-
tively inefficient. While this picture is valid in the sense
that the late time mass budget of the gaseous halo is
generally dominated by gas accreted in this fashion, the
details of how the gaseous halos arise are considerable
more involved. We find, and this is our most important
result, that the gaseous halo, and especially the corona,5
are not simply the products of hot spherical accretion.
We trace their origin to gas expelled from the galaxy by
mergers-induced shock heating and SN feedback. This
is why they are present in our simulations much earlier
than expected (as early as z ≈ 3 − 4) and can be seen
even around lower mass (e.g. Mhalo . 1011 M) halos.
In detail, our simulations show that prior to z ≈ 2,
most of gas comprising the halo-filling warm-hot atmo-
5 We categorize the gas comprising the gaseous halo into two
components: the hot (T > 106 K) X-ray luminous corona and the
dominant (in terms of mass) warm-hot (T = 105−6 K) component.
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sphere is gas that was expelled from the central galaxy
and cooled as it expanded outward. Only after z ≈ 2
does this inside-out process become inverted. Moreover,
we find that direct SNe heating is the dominant heating
mode for the warm-hot gas at all redshifts.
The corona, which comprises gas with temperatures
a factor of 2 − 2.5 greater than virial temperature of
the system at z = 0, is of particular interest because
although it is not the most abundant component in
terms of mass, it is the phase that is primarily respon-
sible for the diffuse X-ray emission and for OVII/OVIII
emission/absorption observed in the halo. In our sim-
ulations, the coronal gas is centrally concentrated and
makes up nearly a constant fraction (13 − 15%) of the
gaseous atmosphere in the primary halo over the red-
shift range z . 2.5, regardless of whether the primary
halo has formed or is still in the throes of active forma-
tion. We also showed that a significant fraction of the
gas that makes up the z = 0 corona entered the halo via
cold filamentary streams. It become part of the corona
only after being heated to temperatures in access of 106
K by SNe heating and merger-induced shocks, and ex-
pelled from the central galaxy.
That mergers play an role in generating the warm-
hot/hot medium around disk galaxies has been pre-
viously seen in idealized, non-cosmological simulations
of merging galaxies (Cox et al. 2006; Sinha & Holley-
Bockelmann 2009b). The present study confirms this
also happens in galactic systems forming within a re-
alistic cosmological setting. And, the impact of the
merger-induced outflows is much more pronounced when
supernova feedback is acting in concert. With respect to
the latter, we note that large-scale SNe-powered galactic
winds are a crucial feature of the contemporary galaxy
formation models, without which it is not possible to ob-
tain realistic galaxy properties across the desired range
of mass scales and galaxy types (e.g. Christensen et al.
2016; Dave´ et al. 2016; Garrison-Kimmel et al. 2017;
Pillepich et al. 2018; see also Somerville & Dave´ 2015
and references therein)
The wind-fed corona and the winds themselves play
a pivotal role in regulating flow of gas from the cosmic
web to the galaxy. In the absence of thermal winds, the
filaments funnel cold gas onto the galaxy until the evo-
lution of the large-scale structure causes the filaments
to thicken and the gas accretion model to become dif-
fuse and quasi-spherical. We find that powerful galactic
winds can disrupt the filament-galaxy connection well
before the cosmological transition happens, repeatedly
detaching the galaxy from its filamentary network and
even accelerating the destruction of the connection alto-
gether. In other words, the winds and the correspond-
ing corona take on a preventive role, in addition to their
well-established ejective role. This is an intriguing twist
with profound implications. For one, it would mean that
all “bathtub-type” galaxy formation models, a category
that includes most of the numerical simulations that use
the decoupled kinetic winds prescription (see Somerville
& Dave´ 2015 for a full list of simulation studies that
model galactic winds in this fashion), are inadequate be-
cause they focus exclusively on the ejective aspect of the
galactic winds. In this class of models, galaxy evolution
is governed primarily by the competition between gas
accretion and expulsion, and the mass loss rate is tied
to the star formation rate (Bouche´ et al. 2010; Lilly et al.
2013). In light of our findings, we have initiated a much
more thorough analysis of galactic winds as “agents” of
both ejective and preventative feedback.
Finally, apart from the above puzzle about the action
of galactic winds, our study leaves unresolved several
other issues. For instance, given our small number of
simulations and the restricted choice of sub-grid feed-
back models adopted, one could wonder how our key
findings would change had we considered a much larger
sample of initial conditions as well as sub-grid recipes
for feedback. One thing is clear, though. The assembly
history of the galaxy is an important factor especially
since the corona appears to act in a preventive feedback
capacity and mergers play a crucial role in generating
the hot corona at early times by triggering both shock-
heated outflows as well as starbursts that further boost
the outflows. It then follows that the number of major
mergers occurring before the halo has grown enough to
sustain a stable shock may be important in determining
when a spiral galaxy begins to quench. We may have al-
ready seen a hint of this within our simulation set: The
growth of the hot corona in Venus, which has a much
more active merging history, departs considerably from
the predictions of the standard accretion shock picture
when compared to Eris. We speculate that for systems
of comparable final mass, perhaps quenching is more ef-
fective and starts sooner in spiral galaxy systems with
active merging history. If borne out, this could be a
major new addition to the current paradigm for galaxy
formation and could, for example, help explain the scat-
ter in the stellar-to-halo mass relationship in the vicinity
of the Milky Way mass scale (c.f. Moster et al. 2018).
This is yet another aspect to be investigated.
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